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Abstract: 

Neuroblastoma is the most frequent solid extra-cranial tumor in children. Its clinical 

prognosis correlates with the expression pattern of members of the Trk neurotrophin 

receptor family, which includes TrkA, TrkB, and TrkC. TrkA expression is associated 

with favorable prognosis, while TrkB expression is associated with poor prognosis. Here 

we show that TrkA overexpression also induces neuroblastoma apoptotic cell death, and 

does so by modulating the levels or activities of a number of proteins involved in 

regulating cell survival and apoptosis, including p53, Bcl-2 and caspase-3. In addition, 

treatment with a caspase inhibitor or overexpression of Bcl-XL prevented TrkA from 

inducing apoptosis. These results identify apoptosis as a novel biological response of 

TrkA, implying that TrkA is a good prognosis marker for neuroblastoma due to its 

ability to induce apoptosis when highly expressed, and suggest that therapies based upon 

TrkA overexpression or stimulation will be efficacious for the treatment of 

neuroblastoma. 

Résumé: 

Le neuroblastome est la tumeur extra-crânienne solide la plus fréquente chez les jeunes 

enfants. Son pronostique est associé à l'expression de membres des récepteurs 

neurotrophiques, incluant, TrkA, TrkB et TrkC. L'expression de TrkA est associée à un 

bon pronostic tandis que l'expression de TrkB est défavorable. La présente étude 

démontre que la sur-expression de TrkA induit la mort par apoptose des neuroblastomes 

en modulant l'expression ou l'activité de protéines, tel que p53, Bel-2 et caspase-3, qui 

sont impliquées dans la régulation de la survie cellulaire et de l' apoptose. De plus, la 

présence d'un inhibiteur des caspases, ainsi que la sur-expression de Bel-XL, empêche 

TrkA d'induire l'apoptose. Cette découverte, que la sur-expression de TrkA induit 

l'apotose de neuroblastome, confirme que TrkA est un marker de bon pronostic et prédit 

l'efficacité d'une thérapie basée sur la sur-expression de TrkA, ou sur sa stimulation, 

dans le traitement des neuroblastomes. 
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Chapter 1: Regulation of cell death in neuroblastoma: 

Role of neurotrophin receptors 

1.1 Introduction 

Neuroblastoma, the most common solid extracranial tumor of childhood, is a 

biologically fascinating, but c1inically deadly pediatrie tumor. The median age at 

diagnosis is approximately 18 months and spontaneous tumor regression is frequently 

observed in patients diagnosed at one year of age or younger. In contrast, children older 

than one year diagnosed with neuroblastoma often experience aggressive tu mors that are 

disseminated, resistant to chemotherapy, metastasized to bone and often fatal. One 

correlative characteristic of neuroblastoma is the expression of the neurotrophin tyrosine 

kinase receptors, TrkA and TrkB. The expression of TrkB, a po or prognosis marker, 

mediates survival, proliferation, and chemotherapeutic drug resistance, while expression 

of TrkA, a favorable prognosis marker, induces cell growth arrest and differentiation of 

cultured neuroblastoma cells. In addition, preliminary findings from our laboratory 

suggest that TrkA expression induces the death of neuroblastoma cells. My Master's 

thesis focuses on confirming this result and on deterrnining the molecular mechanism by 

which TrkA induces cell death. As a general introduction to my Master' s thesis data, this 

chapter addresses the following questions. What is the origin of neuroblastoma? What 

are the cell death pathways identified in neuroblastoma? How do correlative prognosis 

markers su ch as TrkA mediate their biological effects and what are the Trk signal 

transduction pathways in neuroblastoma cells? Answers to these questions will lead to 

the development of hypotheses on how TrkA induces the death of these cells. 

1.2 General background on neuroblastoma tumors 

The etiology of neuroblastoma remains unknown, but aIl available evidence supports the 

hypothesis that they arise from sympathoadrenal precursor cells. This is supported by 

three observations. Firstly, the site where neuroblastomas occur is the same as where 

embryonic sympathoadrenal progenitor cells migrate to give rise to the sympathetic 

nervous system and adrenal medulla (Bohn et al., 1981; Schwab, 2000; Serbedzija et al., 
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1990; Teitelman et al., 1982). Secondly, neuroblastoma cells share morphological and 

molecular characteristics with sympathoadrenal precursor cells. For example, they both 

express the precursor cell markers nestin, the noradrenergic marker tyrosine hydroxylase 

(TH), GAP43 and the neuronal marker neuron specific enolase (NSE) (Gestblom et al., 

1997; Hoehner et al., 1996). Thirdly, neuroblastoma cells induced to differentiate with 

retinoic acid, for ex ample, can adopt a sympathetic neuron-like phenotype (Kaplan et al., 

1993). Furthemore, neuroblastoma almost never occurs in adults. It is therefore likely 

that neuroblastomas arise from an undifferentiated sympathetic neuron precursor cell. As 

such, neuroblastomas are often considered to be the transformed counterpart of 

sympathetic neurons. 

1.3 Programmed cell death in neuroblastoma 

Regulation of cell death is crucial for the development and maintenance of many 

mammalian tissues, inc1uding the nervous system. For example, neuronal progenitors are 

generated in excess during development, and programmed cell death (PCD) is 

implicated in the removal of those progenitor cells that fail to differentiate into neurons, 

or fail to receive sufficient amount of trophic factors (Miller et al., 2000). The best 

studied PCD is apoptosis, which is morphologically characterized by reduction of 

cellular volume, chromatin condensation, DNA fragmentation, membrane blebbing and 

apoptotic bodies (Thornberry and Lazebnik, 1998). These characteristics are mainly 

consequences of the activation of a special subset of cysteine-dependent aspartate

specific proteases called caspases, which are synthesized as inactive pro-forms that 

become activated following proteolytic processing (Thornberry and Lazebnik, 1998). 

For example, activation of caspase-3 results in the proteolytic processing of several 

downstream targets inc1uding the poly(ADP-ribose)polymerase (PARP) and the 

inhibitor of caspase-activated DNAse (ICAD), the latter being implicated in the 

regulation of DNA degradation (Nagata, 2000). Recent studies have identified two 

general signaling pathways capable of activating caspases. One is the receptor-mediated 

apoptotic pathway, which is triggered by the activation of a death receptor, such as the 

tumor necrosis factor receptor family member Fas (Budihardjo et al., 1999). The second 

is the mitochondrial pathway, which results in the release of mitochondrial cytochrome c 
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to trigger caspase activation (Budihardjo et al., 1999). Upstream of these two signaling 

cascades lies the tumor suppressor protein, p53, which is a transcription factor that 

modulates the expression of many genes implicated in the regulation of these two 

apoptotic pathways. Sorne of these genes include Bax (Miyashita and Reed, 1995), 

PUMA (Nakano and Vousden, 2001) NOXA (Oda et al., 2000), APAF-l (Moroni et al., 

2001) and Fas (Zhao et al., 2000). Inactivation of apoptosis impedes the capacity of cells 

to die, and this is frequently observed in human cancers (Hanahan and Weinberg, 2000). 

Since neuroblastoma likely arises from a sympathetic neuron precursor cell that failed to 

appropriately differentiate during normal development and failed to apoptose in 

consequence to this differentiation defect, it could be hypothesized that like many .other 

types of human tumors, neuroblastoma cells become resistant to cell death due to 

inactivation of key components of their apoptotic machinery. Most studies 

characterizing cell death pathways in neuroblastoma have focused on chemotherapeutic 

drug-induced apoptosis. Thus, in this introduction 1 will review data describing the 

possible PCD signaling cascade induced by these drugs (figure 1). 

p53 plays a crucial role in induction of apoptosis 

p53 plays a crucial role in both neuronal and cancer cell death. First, postnatal 

sympathetic neurons deprived of their obligate survival factor, NGF (Nerve Growth 

Factor), up-regulate p53 prior to apoptosis (Aloyz et al., 1998). Second, expression of a 

dominant interfering p53 family member, such as ~Np73, or functional ablation of p53 

confers resistance to cell death of sympathetic neurons in absence of NGF (Pozniak et 

al., 2000) (Aloyz et al., 1998). FinaIlY' human tumour cells that become resistant to cell 

death often have p53 deletion or mutations (Levine, 1997). Taken together with the 

capacity of p53 to induce transcription of pro-apoptotic genes, these observations 

suggest an important role for p53 in induction of neural cell apoptosis. 

Interestingly, primary neuroblastomas taken from patients that have not yet 

undergone therapy express wild type p53 (Imamura et al., 1993; Komuro et al., 1993; 

Vogan et al., 1993). Although p53 is frequently sequestered in the cytoplasm of 

neuroblastoma cells away from its transcriptional targets (Moll et al., 1995; Moll et al., 

1996), p53 is crucial for cell death induced by the chemotherapeutic drugs doxorubicin, 
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Cytoplasrn 

Figure 1.1: Schematic of cell death pathways potentially induced by common 

chemotherapeutic drug in neuroblastoma ceUs. The pro- and anti-apoptotic proteins 

are shown in black and white, respectively. For references and detailed description see 

the text. 



cisplastin, and etoposide. Treatment with these drugs induces the up-regulation of p53 

protein levels (Fulda et al., 1997). Furthermore, inactivation of p53 by overexpressing a 

dominant negative p53 or the papillomavirus 16E6 gene product, which induces p53 

degradation, prevents doxorubicin- and etoposide-induced cell death (Cui et al., 2002). 

In addition, multi-drug resistant neuroblastoma cell lines lack expression of functional 

p53, either due to p53 mutation or due to high expression of the endogenous p53 protein 

repressor, MDM2 (Keshelava et al., 2001; Tweddle et al., 2001). Although the 

mechanism by which p53 becomes translocated from the cytoplasm to the nucleus is still 

unknown, these observations support the hypothesis that p53 plays a crucial role in 

chemotherapeutic drug-induced neuroblastoma cell death. 

Erkl/2 are upstream of p53 

The mechanism by which chemotherapeutic drugs activate p53 is not yet completely 

understood. Recently, two groups implicated the MAP kinases ERKI and 2 in the up

regulation of p53 following cisplatin treatment. In these studies, the requirement for 

ERKl/2 was shown using the pharmacological inhibitor PD98059, which inhibits MEK, 

the kinase that activates ERKl/2. PD98059 treatment prevented the increase in p53 

levels and the death of neuroblastoma cells treated with cisplatin (Park et al., 2001; 

Woessmann et al., 2002). However, several questions remain to be answered. How does 

cisplatin induce the activation of ERKI/2? Is expression of a dominantly active MEK 

sufficient to induce up-regulation of p53 and cell death in neuroblastoma? Finally, how 

does ERKl/2 cause the up-regulation of p53? The finding that ERK1I2 are involved in 

p53 up-regulation was not expected, since sympathetic neurons induced to apoptose 

following trophic factor deprivation do not require ERKl/2 activity to up-regulate p53 

levels. Instead, it is the activation of two pro-apoptotic signal transduction cascades, (1) 

MLK-ASK-MEKK417-JNK-(c-jun)-p53-BIM/BAX-caspase-9/3 (reviewed by (Miller et 

al., 2000) and (Kanamoto et al., 2000; Putcha et al., 2001; Whitfield et al., 2001; Xu et 

al., 2001» and (2) Cdk4/5-pRB-pI9ARF-p53 (Park et al., 1996; Park et al., 1997), that 

converge to and increase p53 expression levels. 
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p53 pro-apoptotic gene targets 

Pro-apoptotic p53 gene targets such as Bax (Miyashita and Reed, 1995), PUMA 

(Nakano and Vousden, 2001), NOXA (Oda et al., 2000), APAF-1 (Moroni et al., 2001), 

and Fas (Zhao et al., 2000) can be c1assified into two subgroups, based upon their 

involvement in either receptor-mediated (Fas) or mitochondria-mediated (Bax, PUMA, 

NOXA and APAF-1) apoptotic pathways. In neuroblastoma, Bax, Fas Ligand (FasL) 

and Fas are three p53 gene targets that have been confirmed to be expressed following 

treatment with chemotherapeutic drug in vitro (Fulda et al., 1997; Park et al., 2001). In 

addition, de nova gene transcription is required for doxorubicin, cisplatinum and 

etoposide to induce cell death in neuroblastoma, since the presence of cyclosporine, an 

inhibitor of transcription, is protective against the lethal effects of these drugs (Fulda et 

al., 1997). However, it remains to be detennined whether inhibition of p53 is sufficient 

to prevent the upregulation of Bax, Fas and FasL by these agents. 

Fas-mediated and mitochondria-dependent apoptotic pathways 

In general, activation of Fas results in the activation of the initiator caspase, caspase-8, 

via the formation of the death-inducing signaling complex (DISe) (Budihardjo et al., 

1999). Two downstream targets of caspase-8 are the effector caspase, caspase-3, and the 

pro-apoptotic Bc1-2 fami1y member protein, Bid. In cells expressing high levels of 

caspase-8, active caspase-8 directly c1eaves and activates caspase-3. However, in cells 

expressing lower levels of caspase-8, active caspase-8 induces caspase-3 activation 

indirectly, via the activation of the mitochondria pathway. This is achieved by the 

cleavage of Bid (which becomes tBid) by active caspase-8. Then tBid translocates to the 

mitochondria, where it induces the release of cytochrome c, which is one of the first 

events of the mitochondria apoptotic pathway. Once released, cytochrome c complexes 

with APAF-1 and pro-caspase-9, and in the presence of ATP/dATP, caspase-9 becomes 

activated (Li et al., 1997). Once active, caspase-9 activates capase-3 by proteolytic 

cleavage. The mitochondria-dependent apoptotic pathway can be regulated at several 

levels. One point of regulation is at the level of cytochrome c release, which can be 

induced following the translocation of Bax from the cytoplasm to the mitochondrial 

membrane (Wu and Deng, 2002). The action of Bax can be counteracted by the anti-
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apoptotic Bel-2 family member proteins Bel-2 and Bel-XL which are present at the 

mitochondrial membrane (Budihardjo et al., 1999; Park and Hockenbery, 1996). 

However, the up-regulation of the pro-apoptotic Bel-2 family members, Bax, PUMA, 

NOXA, Bad, and BIM, which can bind to Bel-2 and Bel-XL, results in the neutralization 

of the anti-apoptotic function of Bel-2 and Bel-XL (Budihardjo et al., 1999; Wu and 

Deng, 2002). As a consequence, Bax becomes derepressed and cytochrome c can be 

released. Therefore, the relative leve1s of pro- and anti-apoptotic proteins at the 

mitochondria regulate the activation of the mitochondrial apoptotic pathway. A second 

regulatory mechanism is at the level of caspase activation. The activity of caspase-3,-7 

or -9 can be blocked upon binding to IAP (inhibitor-of-apoptosis protein) family 

members (Fesik and Shi, 2001; Nicholson, 2001). This inhibitory action of IAP can be 

counteracted by the SmaclDIABLO proteins, which are released from mitochondria 

following induction of apoptosis (Fesik and Shi, 2001; Nicholson, 2001). As discussed 

below, many of the proteins implicated in the Fas-mediated and mitochondria-dependent 

apoptotic cell death pathways may be involved in chemotherapeutic drug-mediated PCD 

in neuroblastoma. 

Apoptotic pathways induced by chemotherapeutic agents 

Treatment of neuroblastoma cells with chemotherapeutic drugs induces cell death in a 

caspase-dependent manner, since caspase inhibitors block the lethal effect of these drugs 

(Fulda et al., 1997; Yuste et al., 2002). As discussed above, two pathways capable of 

inducing caspase activation are the Fas-mediated and the mitochondria-dependent 

pathways. In neuroblastoma cells, both of these pathways are important for drug-induced 

apopotosis. This has been supported by several observations. For example, Fas 

expression becomes up-regulated in a de novo transcription-dependent manner following 

treatment with doxorubicin, cisplatin or etoposide (Fulda et al., 1997). The mechanism 

by which Fas is activated in this system remains to be determined, but it could be 

speculated that Fas might interact with its ligand, FasL, on neighboring cells. 

Alternatively, upregulation of Fas may be sufficient to induce its spontaneous 

trimerisation and activation (Nagata, 1997). In addition, drug-induced apoptosis is 

largely reduced in the presence of Fas function-blocking antibody. Similarly, a 
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neuroblastoma cellline resistant to Fas-mediated death is more resistant to drug-induced 

apoptosis (Fulda et al., 1997). Furthermore, antisense inhibition of c-FLIP, an 

endogenous inhibitor of caspase-8, sensitizes neuroblastoma ceUs to Fas-induced cell 

death (Poulaki et al., 2001). However, it remains to be determined whether the 

downregulation of c-FLIP can increase the sensitivity of neuroblastoma ceUs to 

chemotherapeutic drugs. The mitochondrial apoptotic pathway is also important for 

drug-induced apoptosis. For example, the treatment with doxorubicin, etoposide or 

staurosporine induces caspase-9 activation and ceU death, effects that are blocked by 

overexpressing a dominant negative caspase-9 (Cui et al., 2002; Teitz et al., 2002). In 

addition, over-expression of Bel-2 or Bel-XL prevents staurosporine-induced ceU death 

(Yuste et al., 2002). Since both Fas and mitochondrial pathways are activated by 

chemotherapeutic drugs, the inhibition of which diminishes the lethal effects of these 

drugs, it could be suggested that these pathways are organized linearly and not in 

parallel. In support of this hypothesis, antisense inhibition of the pro-survival protein 

Bel-2, which is part of the mitochondrial pathway, potentiates Fas-induced ceU death of 

neuroblastoma ceUs (Poulaki et al., 2001). In addition, simultaneous inhibition of Bel-2 

and c-FLIP enhanced this effect in a synergic manner (Poulaki et al., 2001). In contrast 

to this hypothesis, a neuroblastoma cell li ne deficient in caspase-8 expression can be 

induced to apoptose following treatment with doxorubicin (Rebbaa et al., 2001), 

suggesting that caspase-8 is not necessary for drug-induced apoptosis. This discrepancy 

can be explained by the finding that chemotherapeutic drugs such as cisplatin induce the 

accumulation of the pro-apoptotic protein Bax (Park et al., 2001), which can directly 

activate the mitochondrial apoptotic pathway. Therefore, it could be hypothesized from 

these results that Fas and caspase-8 function upstream of the mitochondrial pathway, 

which might be directly activated, possibly foUowing the upregulation of Bax, in the 

absence of a functional Fas/Caspase-8 pathway. 

Mechanisms of apoptosis inhibition in unfavorable neuroblastoma 

The apoptotic machinery in neuroblastoma tumors with favorable prognosis appears to 

be functional, since they respond to chemotherapy and can spontaneously regress. In 

contrast, neuroblastoma tumors with unfavorable prognosis are resistant to these drugs 
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and may have defects in apoptotic pathways. In this group of tumors, p53 is frequently 

sequestered in the cytoplasm, away from its nuelear transcriptional targets (Moll et al., 

1995; MoU et al., 1996). Mutant or deleted p53, which confers resistance to therapeutic 

drugs, is also frequently observed in recurrent, drug-resistant neuroblastoma tumors 

(lm amura et al., 1993). In addition, several groups have reported that expression of 

caspase-8 is reduced or absent in 20 to 56 percent of primary neuroblastoma and in 50 to 

70 percent of neuroblastoma cell lines, which may increase the sensitivity threshold for 

cel1ain chemotherapeutic drugs (Banelli et al., 2002; Eggert et al., 2001; Takita et al., 

2001). Further defects have been observed. For example the anti-apoptotic proteins Bel-

2, Bel-XL (Dole et al., 1995) and the IAP family member survivin (Islam et al., 2000) 

are often eXpressed at high levels in neuroblastoma, increasing the resistance of the 

tumor ceUs to apoptosis. Taken together, these observations suggest that alterations in 

apoptotic pathways are frequent in neuroblastoma and can increase the threshold for 

apoptosis. However, are the se modifications responsible for the difference between poor 

and favorable prognosis neuroblastoma? 

This question is related to two other important questions in the neuroblastoma 

field: What are the molecular differences between favorable and unfavorable 

neuroblastoma, and can an aggressive neuroblastoma be converted into a therapeutically 

responsive, more favorable-outcome tumor? One of the major approaches used in the 

cancer field to address these questions has been to 1) identify molecular markers that 

correlate with good or poor prognosis tumors, 2) determine the significance of the 

molecular markers in neuroblastoma biology, 3) ascertain how the molecular markers 

mediate their biological effects, and 4) develop new therapies based upon an 

understanding of how a given marker works at the molecular level. 

1.4 Prognosis markers for neuroblastoma 

A number of correlative markers for neuroblastoma have been identified during 

the past two decades, ineluding genomic abnormalities, overexpression of proto

oncogenic proteins and the expression of neurotrophin receptors. Genomic abnormalities 

such as deletions at the distal p arm end of chromosome 1 (Brodeur et al., 1981; Caron et 

al., 1996; Fong et al., 1989; Gehring et al., 1995; Matis et al., 2000; Martinsson et al., 
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1995; White et al., 1995; White et al., 2001), gain at the long arm of chromosome 17 

(17q) (Bown et al., 1999; Caron, 1995), diploidy (Kaneko et al., 1990; Kaneko et al., 

1987; Look et al., 1991), overexpression of the proto-oncogene protein MYCN (Brodeur 

et al., 1984; Seeger et al., 1985), high levels of telomerase activity (Hiyama et al., 1995; 

Reynolds et al., 1997; Streutker et al., 2001), and expression of the brain-derived 

neurotrophic factor (BDNF) receptor TrkB (Hoehner et al., 1995) are associated with 

poor clinical outcomes. In contrast, near triploidy (Kaneko et al., 1990; Kaneko et al., 

1987), low expression of MYCN and high expression of the nerve growth factor (NGF) 

receptor TrkA (Hoehner et al., 1995; Nakagawara et al., 1992) are markers of favorable 

outcomes. Among these markers, only a few have been examined for their effects on the 

phenotype or molecular characteristics of neuroblastoma. The most extensively studied 

markers in this regard are TrkA, TrkB and N-myc. 

1.5 Biological role of N-myc in neuroblastoma 

The transcription factor and proto-oncogene N-Myc, encoded by the MYCN gene, 

regulates genes implicated in cell proliferation and apoptosis, and directly binds to pRb, 

an important cell cycle regulator (Rustgi et al., 1991). N-Myc is required for the 

development of several organs, including parts of the nervous system, as N-Myc 

homozygous null mice die at embryonic day 11.5 and have fewer numbers of neurons in 

the peripheral ganglia (Sawai et al., 1993; Stanton and Parada, 1992; Stanton et al., 

1992). In these mice, the decrease in cerebellar neUl·ons is a consequence of a reduction 

in proliferation rather than an increase in cell death (Knoepfler et al., 2002). The 

proliferative and anti-apoptotic role of N-Myc in neuronal cells is further supported by a 

recent rep011 showing that overexpression of N-Myc protein in mature post-mitotic 

sympathetic neurons using a recombinant adenoviral vector induces cell cycle entry 

without induction of cell death, which normally occurs when these neurons are caused to 

cycle (Wartiovaara et al., 2002). However, those neurons overexpressing N-Myc did not 

undergo cell division, suggesting than in mature neurons, overexpression of N-Myc is 

not sufficient to induce mitosis. During mouse development, cytoplasmic sequestration 

of N-Myc, and thus its inactivation, has been implicated in neurotrophin-induced cell 

cycle aITest of neuroblasts (EIShamy et al., 1998). Therefore, the main biological 
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function of N-Myc during development may be to keep progenitor cells from exiting the 

cell cycle. 

In neuroblastoma, N-Myc amplification, ranging from 3 to 300 fold, is observed 

in approximately 25% of patients (Bown, 2001; Schwab et al., 1983; Seeger et al., 

1985), and correlates with advanced stage and poor outcome (Brodeur et al., 1984; 

Seeger et al., 1985). The potential roles of N-Myc in neuroblastoma biology have been 

examined by several groups. One study showed that two neuroblastoma cell subclones 

generated from a parental cell line showed different efficiencies to grow in soft agar 

according to their expression levels of N-Myc (Hino et al., 1989). The subclone with the 

highest levels of N-Myc was better able to grow in soft agar and to cause tumors when 

injected in nude mice than the subclone expressing lower levels of N-Myc (Hino et al., 

1989). Similarly, suppression of N-Myc expression in neuroblastoma using anti-sense 

oligonucleotides has been shown to induce cell cycle arrest and block cell growth, but 

cell differentiation was not induced (Larcher et al., 1992; Sun et al., 2002). These results 

suggest that one function of high N-Myc levels in neuroblastoma is to keep the tumor 

cells in a proliferative state. The involvement of N-Myc in neuroblastoma pathology is 

further supported by the observation that transgenic mice overexpressing the MYCN 

gene under the tyrosine hydroxylase promoter develop "small round cell" tumors similar 

to human neuroblastomas (Weiss et al., 1997). These tumors developed in the abdominal 

and thoracic paraspinous regions, which are where human neuroblastomas are localized. 

At the cellular level, these tumor cells exhibited varying degrees of neuronal 

differentiation, expressed the neuronal markers synaptophysin and NSE, and had 

chromos omal abnormalities (Weiss et al., 1997). In contrast to hum an patients, these 

mice developed tumor masses only at older ages (from 3 to 6 months old) and bone 

metastases, a characteristic of aggressive neuroblastoma were not observed. Although 

these mice do not show all of the characteristics of aggressive N-Myc amplified tumors, 

they are currently the only animal model for neuroblastoma. 

While these studies suggest that N-Myc overexpression plays an imp011ant role 

in neuroblastoma progression, it is important to keep in mind that overexpression of N

Myc occurs in only 25% of cases. In addition, N-Myc overexpression is not always 
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present in aU fatal neuroblastoma cases (Brodeur, 2003). Therefore, it was important to 

identify additional prognosis markers predictive for poor and good outcomes. 

1.6 Neurotrophin receptors and neuroblastoma tumours 

The expression of two members of the Trk family of receptor tyrosine kinases, TrkA and 

TrkB, has been shown to be prognostic in neuroblastoma. The Trk family is comprised 

of three members, TrkA, TrkB and TrkC. The ligands for the mammalian Trks are the 

neurotrophins Nerve Growth Factor (NGF), brain-derived neurotrophic factor (BDNF), 

neurotrophin-3 (NT-3) and NT-4. NGF and NT-3 bind to TrkA, BDNF and NT-4 are the 

preferred ligands for TrkB, and NT-3 binds TrkC (Barbacid, 1995). A second type of 

neurotrophin receptor, the p75 neurotrophin receptor (p75NTR), is a prototypic member 

of the tumor necrosis receptor family (Hempstead, 2002). p75NTR can bind all four 

neurotrophins, as well as their unprocessed "pro" forms (Lee et al., 2001). The 

expression of the neurotrophins and their receptors is crucial for the proper development 

of the mammalian nervous system. Mice deficient in the expression of any of the Trk 

receptors or their ligands show severe nervous system defects, such as neuronal 10ss 

(Farinas, 1999). In contrast, mice deficient in the p75NTR exhibit a delay in naturally 

occurring ceIl death of sympathetic neurons, loss of apoptosis in the basal forebrain 

cholinergie neurons (Naumann et al., 2002), and defects in sympathetic axon target 

innervation (Bamji et al., 1998; Kohn et al., 1999; Walsh et al., 1999). 

In rodents, sympathetic neuron progenitor ceIls express TrkC, but not TrkB 

(Birren et al., 1993). As the cells mature, expression of TrkA is induced, while TrkC 

expression is down regulated (Birren et al., 1993; Pagan et al., 1996). TrkA expression 

coincides with ceU cycle arrest of sympathetic neuroblasts and subsequently and 

throughout postnatal life, their survival or growth depends on NGF/TrkA signaling 

(Henderson, 1996; Verdi and Anderson, 1994). 

TrkA expression in neuroblastoma 

An important finding in the neuroblastoma field was the discovery by Brodeur' s 

laboratory that high expression of TrkA conelates with favorable outcome in human 

neuroblastoma (Hoehner et al., 1995; Nakagawara et al., 1992; Nakagawara et al., 1993). 
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This result led to the examination of the effect of TrkA expression in cultured 

neuroblastoma cells which are derived from poor prognosis patients. As a consequence, 

many neuroblastoma celllines do not express endogenous levels of TrkA. Those that do 

express TrkA respond to NGF by differentiating into neuronal-like cells (Chen et al., 

1990). Similarly, overexpression of TrkA converts NGF non-responsive neuroblastoma 

celIs into NGF-responsive celIs (Lavenius et al., 1995; Matsushima and Bogenmann, 

1993). Differentiated ceUs were assessed by neurite extension and increases in the 

expression of neuronal markers SCGlO and neurofilament NF-L (Lavenius et al., 1995; 

Matsushima and Bogenmann, 1993). Another important biological response induced by 

NGF in TrkA-overexpressing ceUs is the inhibition of ceU growth (Lucarelli et al., 1997; 

Matsushima and Bogenmann, 1993; Poluha et al., 1995). The anti-proliferative effects 

induced by NGF and TrkA have also been assessed in vivo. Injection of TrkA

overexpressing neuroblastorna ceUs into nude mice resulted in the formation of tumors. 

Treatment of these tumors with NGF induced the in vivo differentiation into neural and 

schwann cells (Matsushima and Bogenmann, 1993). 

Interestingly, expression of TrkA in primary tumors inversely correlates with the 

expression ofN-Myc (Nakagawara et al., 1992). Thus, TrkA and N-Myc expression rnay 

antagonize other' s expression. In support of this hypothesis, TrkA overexpression 

induced the down-regulation of N-Myc expression in an N-Myc-amplified 

neuroblastoma (Matsushima and Bogenmann, 1993). In addition, overexpression of N

Myc under the U3 LTR region of the Moloney murine leukemia virus inhibits TrkA

induced cell cycle exit and neuronal differentiation of neuroblastoma cell lines 

(Bogenmann et al., 1995). In this study, NGF treatment of TrkA overexpressing cells did 

not alter N-Myc expression levels. The mechanism whereby N-Myc and TrkA regulate 

each other' s expression and function are not known, but it is possible that TrkA may 

down regulate N-Myc expression at the transcriptionallevel. It would be interesting to 

determine whether N-Myc expression could down-regulate endogenous levels of TrkA 

expression because the relative expression levels of TrkA and N-Myc might play a role 

in determining which of the two proteins will exert its biological effects (Eggert et al., 

2000a), and whether a tumor will differentiate and regress or bec orne malignant and 

metastasize. 
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These results suggest that TrkA expression may cause malignant neuroblastoma 

cells to become quiescent differentiated cells, which is consistent with it being a 

favorable prognosis marker. The anti-proliferative and differentiative effects of TrkA in 

neuroblastoma cells might explain why TrkA is a good prognosis marker for this type of 

tumor. 

TrkB expression in neuroblastoma 

In contrast to TrkA, expression of TrkB correlates with poor prognosis and N-myc 

amplification (Aoyama et al., 2001; Hoehner et al., 1995; Nakagawara et al., 1994). The 

expression of TrkB in neuroblastoma was unexpected, since it is not normally expressed 

in sympathetic neuron precursors (Birren et al., 1993). Its expression is also low in 

neuroblastoma celllines (Kaplan et al., 1993), although it can be induced to high levels 

by retinoic acid treatment (Kaplan et al., 1993). The biological role of TrkB in 

neuroblastoma cells has been examined following TrkB transfection or retinoic add 

treatment. TrkB mediates neuronal differentiation, but unlike TrkA, does not induce cell 

cycle arrest (Kaplan et al., 1993; Lucarelli et al., 1997). In addition, in contrast to TrkA, 

BDNF binding to TrkB mediates cell survival, invasiveness, proliferation and resistance 

to chemotherapeutic agents, the last characteristic being a feature of aggressive 

neuroblastomas (Ho et al., 2002; Matsumoto et al., 1995; Middlemas et al., 1999; Scala 

et al., 1996). These properties of TrkB might account for why TrkB is a poor prognosis 

marker for neuroblastoma. 

Inhibition of either TrkB or one of its signaling cascades (section on Trk 

signaling cascade below) renders neuroblastoma cells more sensitive to 

chemotherapeutic agents (Ho et al., 2002; Jaboin et al., 2002). Since neuroblastoma cells 

can also express BDNF (Nakagawara et al., 1994), an autocrine BDNF/TrkB signaling 

may be generated which might confer the aforementioned biological properties 

characteristic of aggressive neuroblastomas. 

Role of TrkC and p75NTR in neuroblastoma 

The role of the remaining Trk receptor, TrkC, in neuroblastoma is not yet clear. TrkC 

expression in neuroblastoma correlates with low tumour grade and favourable prognosis, 
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but in most cases TrkC is co-expressed with TrkA (Brodeur et al., 1997; Svensson et al., 

1997; Yamashiro et al., 1997; Yamashiro et al., 1996). No study has specifically 

determined whether primary neuroblastoma can only express TrkC in the absence of 

TrkA. It would be interesting to determine whether co-expression of TrkA and TrkC in 

neuroblastomas is a better indicator of prognosis than TrkA alone. Nevertheless, two 

independent ln vitro studies in which TrkC was ectopically expressed by either 

transfection or retroviral infection showed that TrkC expression restored NT-3 

responsiveness in these cells. Treatment of the TrkC-expressing cells with NT -3 induced 

cell differentiation, but not growth arrest (Edsjo et al., 2001; Yamashiro et al., 1997). 

The data from these studies suggest that TrkC induces a biological response similar to 

TrkB, rather than TrkA, with respect to cell differentiation and proliferation. 

To clarify the role of TrkC in neuroblastoma biology, further experiments will be 

required. For example, TrkC could be overexpressed in neuroblastoma cells to determine 

whether TrkC will potentiate TrkA biological responses such as differentiation, cell 

cycle arrest and down-regulation of N-Myc. Alternatively, TrkC expression could be 

suppressed by expressing a dominant negative TrkC to determine whether the 10ss of 

TrkC activity diminishes the biological responses induced by TrkA activation. 

p75NTR 

The expression of p75NTR in neuroblastoma does not significantly correlate with 

tumour grade (Brodeur et al., 1997). The role of p75NTR in neuroblastoma is not yet 

evident. Two studies have reported that overexpression of p75NTR in the absence of 

neurotrophin (NGF) addition induces the death of neuroblastoma cell lines (Bunone et 

al., 1997; Eggert et al., 2000c). However, these studies reported conflicting results 

concerning the role of p75NTR in the presence of neurotrophins. While Bunone et al. 

showed that NGF prevented p75NTR-induced cell death (Bunone et al., 1997), Eggert et 

al., observed that TrkA overexpression, but not NGF, prevented the death of the 

p75NTR-expressing cells (Eggert et al., 2000c). Two other studies showed that in the 

presence of NGF, p75NTR prevented cell death induced as a consequence of cell cycle 

arrest caused either by the anti-mitotic drug neocarzinostastin (Cortazzo et al., 1996) or 

following the activation of a chimeric TrkA receptor (Lachyankar et al., 2003). The 
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different results could be explained by the use of different neuroblastoma cell lines, the 

cell cycle status of these cells when they were assayed, or the relative levels of p75NTR 

and TrkA overexpression in each study. All but one of these studies assessed the action 

of over-expressed p75NTR, rather than endogenous p75NTR. To determine whether 

p75NTR in the presence or absence of different neurotrophins will modulate cell 

survival, proliferation or differentiation, experiments using different cell lines will be 

required, with cells expressing only endogenous p75NTR, TrkA, or co-expressing both 

receptors. 

1.7 Master's project 

During the last decade, several prognostic markers have been associated with different 

stages of neuroblastoma. Among the se, the TrkA and TrkB receptors, despite being 90% 

similar in their intracellular domains, correlate very differently with prognosis, with 

TrkA associated with good prognosis, and TrkB with poor prognosis. Recently, in our 

laboratory, we have observed a novel biological response induced by TrkA in 

neuroblastoma cells. The transient overexpression of TrkA, but not TrkB in two 

neuroblastoma cell lines as well as in primary neuroblastoma cells induced celI death. 

For my Master' thesis, 1 decided to confirm this result, and determine how TrkA 

expression leads to ceU death. The induction of cell death by TrkA might explain why 

TrkA is a good prognosis marker for neuroblastoma. Since TrkA expression does not 

result in the death of non-transformed neural cell types, the identification of the 

signaling proteins used by TrkA to mediate cell death may provide novel targets for the 

discovery of drugs to specificalIy induce neuroblastoma regression. 

1.8 Trk signal transduction in sympathetic neurons and neuroblastoma 

Activation of the Trk receptors by their appropriate neurotrophin results in the activation 

of three major signal transduction cascades, the phosphoinositol-3-kinase (PI-3K)/Akt, 

the Ras-Raf-MEKI/2-ERKI/2 and the phospholypase C-y (PLC-y)/protein kinase C 

(PKC) pathways (Kaplan and Miller, 2000). These signal transduction cascades have 

been mainly studied in the rat pheochromacytoma cellline, PC12, and in several types 

of primary neurons. However, in neuroblastoma cells, the characterization of Trk 
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Figure 1.2: Model of Trk signaling cascades in neuroblastoma cells and their 

biological implications. Upon binding to neurotrophins, Trk receptors dimerize, auto

phosphorylate, and recruit several adaptor proteins (Shc, FRS-2, SH2-B and APS-l) 

and enzymes such as PLC-y. In neuroblastoma sorne of these proteins (in white) were 

studied and are discussed in the text. The pro-apoptotic proteins are shown in black 

boxes. 



signaling cascades has just begun. In this section 1 will compare recent data on Trk 

signal transduction in neuroblastoma cells with the three well characterized Trk signal 

transduction cascades in sympathetic neurons. 

Upon binding to NGF, the TrkA receptor dimerizes and its cytoplasmic kinase 

domain bec ornes activated, resulting in the transphosphorylation of the receptor at 

specifie cytoplasmic tyrosine residues (Kaplan and Miller, 1997). The phosphorylation 

of these residues- is important to full Y activate the kinase domain (Cunningham et al., 

1997) and to recruit to the receptor several proteins implicated in TrkA signal 

transduction (Kaplan and Miller, 1997). Sorne of the recruited proteins include the 

signaling proteins PLC-y, and the adaptor proteins Shc, FRS-2, SH2-B and APS-l 

(Kaplan and Miller, 1997; Loeb et al., 1994; Qian et al., 1998; Rui et al., 1999). The 

binding of Shc, and its subsequent phosphorylation by TrkA, results in the activation of 

two of the most important proteins in NGF signal transduction with regard to survival 

and growth: the small GTP-binding protein Ras and phosphatidylinositol-3-kinase (PI-

3K) (Kaplan and Miller, 2000). Thus, Ras, PI-3K and PLC-y are part of three important 

signal transductions activated by TrkA in sympathetic neurons (Kaplan and Miller, 

2000). 

The PLC-rpathway 

Activation of PLC-y results in the hydrolysis of phosphatidylinositol-(4,5)-biphosphate 

(PIP2) , located at the cytoplasmic membrane, generating the two second messengers, 

diacylglycerol (DAG) and inositol-tri-phosphate (IP3). DAG activates DAG-regulated 

protein kinase C (PKC) isoforms such as PKC-b (Liu and Heckman, 1998), while IP3 is 

a potent intracellular calcium regulator. In hippocampal neurons, TrkB-mediated PLC-y 

activation is crucial for 10ng-telTIl potentiation (LTP), as mice expressing a mutant TrkB 

receptor lacking the PLC-y binding site show defects in L TP induction (Minichiello et 

al., 2002). However, in sympathetic neurons and PC12 cells, the role of the PLC-y 

signaling pathway is not known, as the PLC-y binding site of TrkB and TrkA is 

dispensable for TrkB-induced survival and growth of sympathetic neurons transiently 

overexpressing TrkB (Atwal et al., 2000). PLC-y is also dispensable for TrkA-induced 

survival and axonal growth of PC12 cells expressing a TrkA receptor mutated at the 
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PLC-y binding site. However, PLC-y is required for NGF-induced peripherin expression 

in these cells (Loeb et al., 1994). Taken together, these results suggest that the PLC-y 

pathway is involved in gene expression, but not in the survival and axonal growth of 

PC12 cells and sympathetic neurons. 

In neuroblastoma, most studies have focused on the role of the downstream PLC

yeffector, PKC, rather than PLC-y itself. Using the SH-SY5Y human neuroblastoma 

cellline stably transfected with TrkA, the Nanberg laboratory showed that the inhibition 

of PKC, but not MEK, using the pharmacological inhibitors GF109203 and Ro-32-0432, 

prevented TrkA-induced neurite outgrowth (Olsson et al., 2000). This suggests that the 

PLC-y/PKC pathway, but not the MEKlERK1I2 pathway is required for TrkA-induced 

neuritogenesis. In addition, activation of TrkA by NGF in the presence of these PKC 

inhibitors reduced phosphorylated ERK accumulation in the nucleus without affecting 

the overall ERK phosphorylation levels (Olsson et al., 2000). This suggests that the 

PLC-y/PKC and MEKIERK pathways can collaborate to mediate sorne of TrkA

mediated cellular responses. In addition, the activity of sorne PKC isoforms is 

implicated in rieuroblastoma survival and resistance to chemotherapeutic drugs. 

Svensson and Larsson reported that inhibition of the PKC-~ isoforms using a 

pharmacological inhibitor decreased the growth of neuroblastoma ceIl lines, and 

increased the susceptibility of the SK-N-BE(2) neuroblastoma cell line to 

chemotherapeutic drug treatment (Svensson and Larsson, 2003). It is important to note 

that these experiments were performed in the absence of Trk activity, as no 

neurotrophins were added to the cultures. It can be hypothesized that TrkA and TrkB 

might activate different PKC isoforms as TrkB, but not TrkA, has been reported to 

induce drug resistance. Therefore it would be interesting to determine whether inhibition 

of PKC can decrease the protective effects of TrkB. However, to confirm the role of 

PLC-yIPKC pathway in neUlitogenesis and survival of neuroblastoma ceIls, it would be 

necessary to either suppress PLC-y expression using anti-sense RNA, small interfering 

RNA (siRNA) or express a mutant Trk receptor lacking the PLC-y binding site in order 

to determine whether the 10ss of Trk-induced PLC-y activity decreases neuritogenesis 

and survival. Recently, Eggert et al. used the TrkA mutant strategy to determine the role 

of different TrkA substrate binding sites in neuroblastoma ceIls. However, in this study 
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(Eggert et al., 2000b), activation by exogenous NGF of ectopically expressed wild type 

TrkA resulted in cell proliferation rather than cell growth inhibition that has been 

observed and reported by several other groups (Lucarelli et al., 1997; Matsushima and 

Bogenmann, 1993; Poluha et al., 1995). Further experiments using TrkA and TrkB 

mutant receptors will be therefore be required to determine the role of Trk-induced PLC

y activity in neuroblastoma cells. 

The MEK/ERK signaling cascade 

The NGF-induced recruitment of Ras to the membrane and its subsequent activation by 

SOS results in the activation of the Raf-I/MEKI/2/ERKl/2 signaling cascade (Kaplan 

and Miller, 2000). In sympathetic neurons, which endogenously express TrkA, but not 

TrkB, this pathway is dispensable for TrkA-induced survival (Mazzoni et al., 1999; 

Vaillant et al., 1999). However, the active MEKIERKl/2 pathway has a protective role 

in sympathetic neurons under certain stresses, such as treatment with the pro-apoptotic 

compound cytosine arabinoside (Anderson and Tolkovsky, 1999). Interestingly, TrkB 

seems to mediate survival differentially from TrkA, since in sympathetic neurons 

induced to transiently express TrkB, inhibition of MEKIERKl/2 pathway decreases 

BDNF-mediated survival (Atwal et al., 2000). Although the mechanism by which MEK 

exerts its pro-survival effect is not full Y understood, in PC12 cells, Liu et al showed that 

the activation of ERKl/2 results in the up-regulation of the anti-apoptotic gene Bcl-2 

(Liu et al., 1999). The MEKIERKl/2 signaling pathway is also implicated in neuronal 

differentiation. As reviewed by Kaplan and Miller, sustained activation of the 

MEKIERKl/2 pathway is necessary, but not sufficient to induce neUlite outgrowth in 

several primary neuronal cell types and to induce the differentiation of PC 12 cells 

(Kaplan and Miller, 1997). These observations suggest that the MEKIERKl/2 signaling 

pathway is dispensable for TrkA-mediated survival, but is protective against certain 

neuronal stresses and is involved in neuronal growth. However, activation of this 

pathway could be modulated such that it could affect survival mediated by ectopically 

expressed TrkB, which is frequently expressed in aggressive neuroblastoma cells. 

In neuroblastoma, the Ras-MEK-ERKl/2 pathway is implicated in gene 

transcription and neuritogenesis, depending on which Trk receptor is expressed. For 
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ex ample, inhibition of PKC, but not MEKIERK1I2, abrogates NGF/TrkA-induced 

neurite formation (Ols son and Nanberg, 2001). However, in a cell line overexpressing 

TrkA, expression of a dominantly active Ras (VI2Ras), but not a dominantly active 

MEK, induces serum-responsive element (SRE) responsive genes such as Fos, and also 

induces neurite formation (Olsson and Nanberg, 2001). This suggests that sustained Ras 

activation is sufficient and PKC activation is required for neurite outgrowth, but the 

activation of the MEKIERK1I2 cascade is neither sufficient nor required for 

neuritogenesis in these cells. However, it remains to be determined whether inhibition of 

ERK or PKC activity prevents dominantly active Ras from inducing neurite outgrowth. 

In contrast, in neuroblastoma cells treated with retinoic acid (RA) to induce 

differentiation and TrkB expression, treatment with a MEK inhibitor prevented 

BDNF/TrkB-induced neuritogenesis (Encinas et al., 1999). These observations suggest 

that the biological response elicited by the MEKIERK1I2 signaling pathway depends on 

either the cellular context (differentiated or undifferentiated) or the Trk receptor 

expressed by neuroblastoma cells. In addition, the activation of the MEK1/2-ERKI/2 

pathway is required in both TrkA and TrkB expressing cells to induce transcription of 

genes such as GAP-43 and c-fos (Encinas et al., 1999; Olsson and Nanberg, 2001). 

PI-3K/Akt signal transduction 

A third signal transduction cascade activated by the Trk receptor, and one of the most 

important for Trk-mediated survival of sympathetic neurons and PCl2 cells, is the PI-

3K/ Akt pathway (Kaplan and Miller, 2000). PB-kinase is activated by recruitment to 

Ras and Gab-l (Holgado-Madruga et al., 1997; Kaplan and Miller, 2000; Mazzoni et al., 

1999), resulting in the phosphorylation of phosphatidylinositol-bi-phosphate (PIP2) to 

form PIP3 at the inner surface of the cytoplasmic membrane (Vivanco and Sawyers, 

2002). PIP3 binds, recruits to the celI membrane, and alters the conformation of the 

serine-threonine kinase Akt (aiso known as protein kinase B, PKB) as well as the Akt 

activator 3-phosphoinositide-dependent protein kinase-l (PDKI). Phosphorylation of 

Akt by PDKI and PDK2 results in Akt activation (Vivanco and Sawyers, 2002). 

Downstream targets of Akt include a number of pro-apoptotic proteins, including the 

Bcl-2 family member Bad (Datta et al., 1997), the transcription factor Forkhead (Brunet 
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et al., 1999), pro-caspase-9 (Cardone et al., 1998) and GSK-3 (Cross et al., 1995; Pap 

and Cooper, 1998). Bad, Forkhead and pro-caspase-9 are aIl important inducers of 

apoptosis, and are inactivated when phosphorylated by Akt. It is not surprising then that 

PI-3-kinase is responsible for up to 80% of neurotrophin-mediated cell survival of 

sympathetic neurons (Kaplan and Miller, 2000). PI-3K activity is also important for the 

local axonal growth of sympathetic neurons. Inhibition of PI3-K activity in axons 

inhibits axonal growth, while inhibition in cell bodies suppresses neuronal survival 

(Atwal et al., 2000). Therefore, in neuronal cells, PI-3K is important for both survival 

and axonal growth. 

ln neuroblastoma cells, the PI-3K1Akt pathway plays an important pro-survival 

role. For example, TrkB mediates the survival of RA-differentiated neuroblastoma cells 

in the absence of serum via the PI-3K1Akt pathway, since pharmacological inhibition of 

PI-3K blocks TrkB-mediated survival (Encinas et al., 1999). However, does TrkB 

protect neuroblastoma cells from chemotherapeutic agents via the PI-3K1 Akt pathway? 

This question has been addressed by Jaboin et al., who showed that inhibition of PI-3K 

abrogates the protective activity of TrkB in cells treated with chemotherapeutic drugs 

(Jaboin et al., 2002). Thus the PI-3K1Akt signaling pathway is required for TrkB

induced drug resistance. Since TrkA can activate this signal transduction pathway, but 

cannot confer resistance to chemotherapeutic drugs, it can be hypothesized that TrkA 

and TrkB modulate the PI-3K1Akt signaling pathway differently, perhaps by directing 

Akt to different cellular targets. 

In summary, these observations suggest that in neuroblastoma cells, TrkA 

mediates neurite outgrowth through PLC-y/PKC, but not the MEKlERK1/2 pathway, 

while TrkB mediates this event via the MEKlERK1I2 pathway. A second difference 

between the signaling of these two receptors is that although both activate the PI-3K1Akt 

signaling pathway, only TrkB can confer chemotherapeutic resistance by that pathway. 

1.9 Working hypothesis and objectives 

Does TrkA induce the death of neuroblastoma cells, and if so, what is the molecular 

mechanism used by this receptor to mediate cell death? To address the se questions, 1 
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will detennine whether TrkA induces cell death when Qverexpressed using recombinant 

adenovirus vectors. If TrkA induces cell death, 1 hypothesize that it does so by the 

following mechanisms. During development, TrkA is expressed at the time 

sympathoblasts exit the cell cycle to differentiate into sympathetic neurons (Birren et al., 

1993). Those neuronal progenitor cells that fail to differentiate will undergo apoptosis 

(Miller et al., 2000). Therefore, two hypotheses that may not be mutually exclusive 

could be fonnulated. First, 1 hypothesize that TrkA overexpression induces cell death by 

activating the apoptotic machinery in undifferentiated neuroblastoma cells. This will be 

assessed by identifying and characterizing the apoptotic proteins in cells expressing 

TrkA. An alternative hypothesis is that TrkA, which is an anti-mitogenic receptor, might 

induce the death of constitutively cycling neuroblastoma cells by causing conflicting cell 

cycle signaIs. This will be assessed by examining the regulation of cell cycle repressors 

following TrkA expression. 
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Chapter Il: Determination of TrkA-induced cell death signaling 

cascade 

2.1 Introduction 

One of the most intriguing biological characteristies of neuroblastoma is the correlation 

between the expression levels of the tyrosine kinase NGF receptor, TrkA, and patient 

prognosis. High expression of TrkA is observed in favorable tumors, while very low to 

negligible expression of TrkA is present in aggressive tumors. Re-introduction of TrkA 

expression in neuroblastoma cells and its subsequent activation by NGF leads to cell 

differentiation and cell cycle arrest, two biological responses consistent with the 

correlation of TrkA expression with favorable neuroblastoma tumors (see chapter 1). 

Another biological event consistent with this correlation is the preliminary observation 

by Dr. LeSauteur in Dr. David Kaplan's laboratory that ectopic expression of TrkA in a 

primary neuroblastoma cell line and in several established neuroblastoma cell lines, 

results in the induction of cell death (unpublished data). This chapter of my Master's 

thesis focuses upon confirmation of the cell death-inducing action of TrkA in 

neuroblastoma cell lines and in determining the molecular mechanisms by which this 

occurs. To achieve these goals, TrkA was expressed in two neuroblastoma ceIllines and 

cell death and the molecular effects of TrkA were assessed. For this study we used the 

human neuroblastoma cell lines LAN-1-15N (l5N) and NGP, which express 

undetectable or very low levels of endogenous TrkA, respectively. In addition, these two 

ceIllines overexpress the N-myc oncogene (Ciccarone et al., 1989; Schwab et al., 1983), 

and have no reported p53 mutations. To express TrkA in these cells we used an 

adenovirus vector, which allows the non-toxie, transient, and high expression of TrkA 

protein. In addition, this technique has the advantage over stable transfection of not 

selecting for a sub-population of neuroblastoma cells that might become resistant to 

TrkA-induced cell death. The biological and molecular responses induced by TrkA in 

these cells were monitored using standard survival and molecular assays. 

In this chapter, we demonstrate that TrkA efficiently induces apoptosis in these 

neuroblastoma cell lines, and that apoptosis may occur through a decrease in pro

survival proteins such as Bcl-2 and an increase in pro-apoptotic proteins such as p53 and 
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active caspase-3. These results suggest that one of the reasons that TrkA is a favorable 

prognostic marker for neuroblastoma is that high TrkA expression will result in the 

death of the tumor cells. Furthermore, the TrkA expressing adenovirus vector may be 

useful as a gene therapy reagent for the treatment of neuroblastoma. 

2.2 Results 

Generation of adenovirus ex pressing TrkA 

To confirm the death inducing potential of TrkA, we used the previously generated 

recombinant TrkA-expressing adenovirus vector, TrkA Ad5, which expresses human 

TrkA tagged at its extracellular domain with the Flag epitope under a tetracycline (Tta) 

sensitive cytomegalovirus (CMV) promoter. To obtain a sufficient quantity of this 

adenovirus to perform all the experiments of this study, TrkA Ad5 was reamplified from 

the previously amplified TrkA Ad5 used by Dr. Lynne LeSauteur. After the processes of 

amplification and purification, we tested the virus for the presence of the wild type (WT) 

adenovirus gene ElA and EIB by PCR. This procedure is essential to ensure that during 

the amplification process, no virions have reverted to a WT phenotype by acquiring ElA 

and EIB genes in their genome, or that no WT adenovirus contamination occulTed. The 

newly amplified TrkA Ad5 was positive for ElA and EIB genes (figure 2.1 lane 7). To 

determine the source of the contamination, we determined whether the TrkA Ad5 used 

for the amplification was also contaminated. As shown in figure 2.1 lane 6, TrkA Ad5 

used to amplify the contaminated TrkA Ad5 and previously used by Dr. LeSauteur was 

contaminated with wild type (WT) Ad5 (figure 2.1 lanes 6 and 7). Since wild type Ad5 

expresses genes that affect cell cycle progression and cell survival, we had to produce 

pure TrkA Ad5. Only then could we determine whether TrkA could induce the death of 

neuroblastoma cells. 

To obtain a pure TrkA Ad5 we used two separate approaches. The first was to 

decontaminate the adenovirus that was re-amplified from the contaminated stock using a 

plaque assay technique. This assay allows the isolation of single plaque forming units, 

formed by one infectious virus particle. Virus particles isolated from thirty individual 

plaques were isolated, amplified and used to infected 293Tta cells, which stably 

expresses Tta and the adenovirus ElA and EIB regions that are missing in the 
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Figure 2.1: The newly purified TrkA adenovirus is free from ElA and EIB genes. 

Three different TrkAAd5 were assayed for the presence of ElA and ElB genes by PCR. 

Lane l: Ladder; lane2: wildtype contaminated Ad5, which was used as positive control; 

lane 3: Ad5 free of El genes that was used as negative control; lane 4; no template 

sample, which was also used as negative control; lane 5: pure TrkA Ad5 amplified from 

old Josee Wong's crude virus; lane 6, TrkAAd5 used by Dr. LeSauteur; lane 7, TrkAAd5 

amplified from virus of lane 6. 



recombinant viral vector. The capacity of these amplified virus particles to express the 

TrkA-Flag protein was determined by Western blotting using an anti-Flag antibody. This 

technique revealed that none of the thirty isolated plaques contained virus particles 

capable of inducing TrkA-Flag expression in these cens, indicating that the re-amplified 

virus stock consisted predominantly of wild-type virus (data not shown). The second 

approach, which was successful, consisted of re-amplifying the TrkA Ad5 from lysates 

of 293 cens used for the original recombination event that created the TrkA A5 virus. 

Amplification and purification of this TrkA Ad5 yielded a high titer stock of TrkA Ad5 

free ofBIA and BIB WT Ad5 gene products, as assessed by PCR (figure 2.llanes 5). 

We next determined whether this pure TrkA Ad5 was capable of inducing TrkA 

expressIOn. 

We next determined the amount (or MOI) of TrkA Ad5 adenovirus that infected 

the maximum amount of cens in a tissue culture dish. U sing standard immunostaining 

techniques, we assessed the expression of TrkA-Flag in TrkA Ad5 infected and 

uninfected NGP cens using anti-Flag. The per cent of infected cens was determined 

fonowing 27 hours of infection with TrkA Ad5 in (figure 2.2A, in red) in TrkA Ad5-

infected NGP, but not in uninfected cens. At a multiplicity of infection (MOI) of 50, we 

determined that the infection rate was approximately 50%. However, this number might 

be an underestimation of the actual infection rate; at later time points almost all TrkA 

Ad5-infected cens showed a rounded morphology and lacked processes, which contrasts 

with the fiat morphology and the short processes observed in uninfected or control virus 

infected cens (see figures 2.4A, 2.8A and 2.9B). Based on these observations, we 

decided to use TrkA Ad5 at a MOI of 50 for all fmther experiments described in this 

study. 

Since TrkA Ad5 encodes TrkA-Flag under a Tta-sensitive cytomegalovirus 

(CMV) promoter, we determined whether pure TrkA Ad5 requires the presence of the 

transcriptional activator Tta to induce TrkA expression. To achieve this goal, we used 

standard immunoprecipitation techniques using the pan-Trk antibody, 203A, to 

determine TrkA expression in lysates of NGP cens that were either infected with TrkA 

Ad5 alone or co-infected with TrkA Ad5 and Tta Ad5 for 36 hours (hrs). As a positive 

control for the Trk immunoprecipitation, we used cell lysates of NGP cells that were 
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Figure 2.2: Expression of TrkA Ad5 in NGP and 15N neuroblastoma celllines. (A) 

Immunostaining for anti-Flag (red) on NGP cells infected for 27hrs with 50 MOI of 

TrkA-Flag Ad5. Cell nuclei were counterstained with Hoechst (blue) and pictures were 

taken with a 40X objective. (B) Western blotting with anti-Trk 203 antibody on Trk 

immunoprecipitated with pan-Trk 203 from NGP cells infected for 36 hrs in absence of 

neurotrophins with 25 MOI TTA, 50 MOI TrkA or 100 MOI TrkB. (C) Reprobe of (B) 

using flag antibody. (D) Western blotting with anti-pan Trk 203 antibody on totallysate 

of NGP cells infected for 36 hrs with either 50 MOI of TrkA, 100 MOI TrkB or 50 MOI 

LacZ control virus. The neurotrophins were added 5 min prior lysis. The bottom panel 

was probed for Akt as a loading control. (E) Western Blot for anti-Flag on totallysates 

obtained from NGP (top) or 15N (bottom) cells infected with 50 MOI of either TrkA, 

KOTrkA or 100 MOI of TrkB. 



either infected with the TrkB Ad5 or co-infected with TrkB Ad5 and Tta Ad5 for the 

same period of time. The TrkB Ad5, which encodes the myc epitope-tagged TrkB 

protein under the same promoter as in TrkA Ad5, does not require the presence of Tta to 

induce TrkB expression in neurons (Atwal et al., 2000). The immunoprecipitated Trk 

proteins were then visualized by Western blotting using the same pan-Trk antibody. As 

expected, the uninfected NGP cells did not express any detectable levels of Trk 

expression. However, TrkA and TrkB expression was detected in TrkA Ad5 and TrkB 

Ad5-infected NGP cells, respectively (figure 2.2B). In addition, the presence of Tta was 

dispensable for TrkA and TrkB expression, although in presence of Tta, Trk expression 

levels were increased. These observations are consistent with previous reports (Atwal et 

al., 2000). A reprobe of the same blot with an anti-Flag, which recognizes TrkA-Flag but 

not TrkB-myc, confirmed the ectopic expression of TrkA induced by TrkA Ad5 (figure 

2.2C). Similar results were obtained by Western blotting using the 203A antibody of 

lysates of NGP cells infected with only TrkA Ad5, or the control viruses, TrkB Ad5 and 

LacZ Ad5, the latter which expresses the beta-galactosidase enzyme under a WT CMV 

promoter (figure 2.2D). The molecular weight analysis of the bands detected with the 

pan-Trk antibody revealed that the two major bands observed in TrkA-expressing NGP 

celllysates run at 120 and 107 KDa, with a minor band at 86 KDa. In TrkB-expressing 

celllysates, two major bands were observed at 124 and 114 KDa and a minor band at 95 

KDa. The reprobe of the blot with a Flag antibody, which recognizes the Flag epitope 

located at the extracellular portion of the TrkA receptor in TrkA Ad5, confirmed these 

bands were the ectopically-expressed TrkA. The Flag antibody did not efficiently 

recognize the 120 kDa TrkA, suggesting that the glycosylation of TrkA occurring in the 

extracellular domain may mask the Flag epitope. Similarly, the various molecular weight 

bands observed for TrkA and TrkB likely represent different glycosylated forms of the 

Trk proteins, consistent with previous reports (Hempstead et al., 1992) .. The expression 

of ectopically-expressed TrkA following TrkA Ad5 infection was confirmed with the 

FLAG antibody in a second neuroblastoma cell line, 15N (figure 2.2E). 
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Figure 2.3: TrkA expression induces cell death of both 15N and NGP 

neuroblastoma cell Unes. Survival of NGP (A, Band D) or 15N (C) was assessed 48 

hrs post infection by MTT survival assay. Each graphie represents a representative 

experiment and the error bars correspond to the standard deviation of the mean. A) NGP 

cells were infected with 50 MOI of GFP or WT Ad5. B) NGP cells infected with 

increasing MOI of TrkA or 200 MOI of LacZ in presence of NGF (50 ng/ml). C) 15N 

cells were infected with indicated MOI of TrkA, KDTrkA or LacZ Ad5 in presence of 

SOng/ml NGF. D) NGP cells were infected with 50 MOI of TrkA, KDTrkA or heat 

killed TrkA Ad5 and the cells were treated at the same time with 50 ng/ml of NGF. 



Purified TrkA AdS induces cell death in NGP and lSN cells 

Prelinùnary data from Dr. Lynne LeSauteur suggested that infection of neuroblastoma 

cells with WT contaminated TrkA Ad5 results in the induction of cell death. However, it 

was not known whether the cell death was due to adenoviral gene expression from the 

WT virus, to TrkA overexpression, or to a combination of TrkA and WT gene 

expression. To determine this, we asked (1) if expression of TrkA alone was sufficient to 

induce celI death, and (2) whether expression of WT Ad5 by itself induced cell death. 

The survival of NGP cells infected with pure TrkA Ad5, WT Ad5, or control GFP 

(green fluorescent protein) was assessed by MTT assay three days post-infection, the 

same time point used by Dr. LeSauteur to assess survival in these cells. Infection of 

NGP celIs with WT Ad5 did not result in decreased celI survival as compared to GFP

infected or uninfected cells (figure 2.3A). In contrast, infection with pure TrkA, but not 

kinase-inactive TrkA (KDTrkA) decreased the survival of NGF-treated NGP celIs 

(figure 2.3A,B). Similar results were obtained with the 15N cells infected with pure 

TrkA or KDTrkA (figure 2.3C). The lower amount of cell death observed in 15N cells as 

compared to NGP cells at equivalent MOIs may be explained by the lower expression 

levels of TrkA in 15N (figure 2.2D). As a control for contaminants in the viral 

preparation that might cause cytotoxicity, NGP cells were treated with heat killed (HK) 

TrkA Ad5. HKTrkA Ad5-infected cells exhibited sinùlar survival to uninfected NGP 

cells (figure 2.3B). The survival of pure TrkA Ad5-infected NGP cells were decreased 

by approximately 55% as compared to HKTrkA treated cells (figure 2.3B). TrkA also 

induced cell death in a dose-dependent manner. NGP cells were infected with valious 

MOIs of TrkA Ad5 or LacZ control virus at the maximal MOI used for TrkA Ad5. LacZ 

Ad5 infection at 200 MOI resulted in a decrease in cell survival of less than 10% as 

compared to uninfected cells. The survival of NGP cells was decreased in TrkA Ad5-

infected cells in a dose response manner, reaching a maximum of approximately 70% 

celI death in celIs infected with 200 MOI (figure 2.3C). Thus, TrkA, but not kinase

inactive TrkA or WT adenovirus genes, efficiently induces neuroblastoma cell death. 
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Figure 2.4: Inhibition of ERK does not rescue NGP cells from pure TrkA-induced 

cell death. (A) DICIII pictures of NGP cells infected with 50MOI of either TrkA or 

GFP Ad5, in presence of 50 ng/ml of NGF and treated with either the MEK inhibitor 

U0126 (20 /lM) or DMSO for 50 hrs. Cells were stained with trypan blue and pictures 

were taken. (B) Trypan blue exclusion assay of NGP cells treated as in (A). Cell death 

corresponds to average of two experiments and the error bar corresponds to standard 

deviation for these two experiments. (C) One representative MTT survival assay of NGP 

cells infected for 48 hrs with 50 MOI of TrkA, 50 MOI KD TrkA or 100MOI TrkB and 

treated with UOI26 (+) or DMSO (-). Error bars correspond to the standard deviation of 

quintaplicate wells. (D) Western Blot ofNGP cells infected with either 50 MOI TrkA or 

LacZ adenovirus for 36 hrs in presence of UOI26 (20 /lM) or DMSO and treated for 5 

min prior to lysis with 50 ng/ml of NGF. Activity of Akt and ERK were determined 

using phospho-specific antibodies and the membrane was reprobed for total Akt or 

ERKI as loading control. 



Inhibition of MEK does not suppress TrkA-induced cell death 

Unpublished results from our laboratory indicated that inhibition of MEK activity 

suppressed the cell death-inducing affect of TrkA overexpression in neuroblastoma cells. 

Since these results were obtained with the WT-contaminated TrkA Ad5, we decided to 

determine whether TrkA expression in the absence of WT Ad5 co-infection mediates 

cell death via the MEKlERK1I2 signaling cascade. We first determined whether TrkA 

overexpressed via recombinant adenovirus was biochemically functional. Two weIl

described signal transduction cascades activated by the TrkA receptor in neuronal cells 

are the Ras-Raf-MEKl/2-ERKl/2 and the PI-3K1Akt pathways (Kaplan and Miller, 

2000). Since the activity of ERK1I2 and Akt correlates with their phosphorylation at 

specific residues, we assessed the activation of these two kinases by Western blotting 

using phospho-specific antibodies. NGF treatment of NGP cells infected with TrkA Ad5 

markedly enhanced the phosphorylation of ERKl/2 and Akt (figure 2.4D). NGF

enhanced ERK1I2 and Akt phosphorylation was not observed in NGP cells infected with 

control LacZ Ad5, or in uninfected (figure 2AD). Taken together, these results indicate 

that the adenovirus-expressed TrkA is biochemically functional. 

To inhibit the MEK signaling pathway, we used U0126, a selective 

pharmacological inhibitor of MEK that we have previously used to suppress MEK 

activity in sympathetic neurons (Atwal et al., 2000). We assessed the efficacy of this 

inhibitor by determining the phosphorylation state of the MEK targets ERK1I2, and then 

the effect of MEK1I2-ERK1I2 inhibition on TrkA-mediated cell death. To confirm that 

treatment with U0126 inhibits specifically inhibits ERK phosphorylation and not other 

TrkA signaling cascades, we determined the phosphorylation state of Akt in 

neuroblastoma cells treated with this inhibitor. Western blotting was performed with 

phospho-specific anti-ERK and anti-Akt antibodies on lysates of NGP cells that were 

infected with pure TrkA Ad5 or the LacZ control virus for 36 hrs in presence of 20 JlM 

of U0126 or vehic1e, and treated for 5 min with 50 ng/ml NGF just prior to celllysis. As 

expected, the phosphorylation levels of Akt and ERKl/2 were increased in NGF-treated 

NGP cells that were infected with TrkA Ad5, but not in the uninfected or LacZ Ad5-

infected cells (figure 2AD). Treatment with U0126, but not the drug vehic1e, was 

sufficient to prevent NGF-mediated ERK1I2 phosphorylation without having any effects 
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on Akt phosphorylation (figure 2.4D). To assess whether MEK inhibition suppressed 

TrkA-induced cell death, NGP cells infected with adenoviruses encoding pure TrkA, 

KDTrkA, TrkB, or GFP were treated with U0126 or DMSO vehicle. The survival of 

these cells was then assessed by MTT (which assesses mitochondIiai activity as a 

measurement of cell proliferation and survival) or Trypan Blue exclusion assay (which 

as ses ses both apoptotic and non-apoptotic cell death) 48 hrs post-infection. TrkA Ad5 

infection resulted in 40% cell death, which was not reduced by treatment with U0126 

(figure 2.4A-C). TrkB, KDTrkB, and GFP infection did not significantly reduce cell 

survival (figure 2.4A-C). Therefore, TrkA-induced NGP cell death does not require the 

activity ofMEK. 

TrkA does not induce cell death via the rapid activation of p38MAPK or ]NK 

Two cell death signaling cascades that have been identified to play raIes in the death of 

neural cell types are MEK3/6-p38MAPK in TrkA-overexpressing PC12 cells (Yan et al., 

2002) and TrkC-expressing medulloblastoma cells (Kim et al., 1999), and the MKK417-

JNK pathway in sympathetic neurons (Miller and Kaplan, 2001). Therefore we sought to 

determine these two pro-cell death pathways are implicated in TrkA-mediated cell death 

of neuroblastoma cell. Since the phosphorylation of p38MAPK and JNK at specific 

residues is required for their enzymatic activity, we determined by Western blotting the 

phosphorylation status of these two kinases using phospho-specific antibodies. To 

determine whether TrkA induces the activation of the MEK3/6-p38MAPK pathway, 

TrkA or LacZ-infected NGP cells were treated with NGF for 5 minutes pIior to lysis. 

This treatment time has been reported by the group of Schor to be sufficient to induce 

MEK3/6 phosphorylation in PC12 cells overexpressing TrkA (Yan et al., 2002). 

Western blotting of these lysates showed no increase in p38MAPK phosphorylation in 

TrkA-infected NGP cells as compared to LacZ Ad5-infected or uninfected NGP cells 

(figure 2.5A). However, it must be pointed out that the levels of p38MAPK were very 

low in the NGP cellline. We conclude that TrkA does not induce cell death by the rapid 

activation of the MEK3/6-p38MAPK cascade. 

We next asked whether JNK was activated by TrkA overexpression in NGP 

cells. NGP cells were infected with TrkA Ad5 or LacZ Ad5, treated with NGF for 10 
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Figure 2.5: TrkA expression does not le ad to the activation of JNK and 

p38MAPK pathways. Western Blots for phospho-JNK and phospho-p38MAPK. NGP 

cells infected with 50 MOI TrkA or LacZ Ad5 for 36 hrs were treated with 50 ng/ml of 

NGF for 5 min (B), 15 min or 2hrs (A) prior lysis. (A) Uninfected NGP cell treated 

with 0,5 mol of sorbitol was used as positive control for phospho-JNK. Bottom panels 

are reprobed for JNK-1 that was used as loading control. (B, middle) Membrane was 

reprobed with anti-p38MAPK as loading control. As an additional loading control, 

Ponceau red of the membrane corresponding to the molecular weight of p38MAPK is 

presented (lower panel). 



minutes or 2 hours, and phosphorylation assessed. As a positive control for JNK 

phosphorylation, uninfected NGP cells were treated with 0.5 M sorbitol for 15 minutes, 

which induces the phosphorylation of JNK (figure 2.5B). While sorbitol induced JNK 

phosphorylation, TrkA overexpression did not at either time point. Taken together, the se 

experiments suggest that TrkA activation does not induce the rapid activation of JNK or 

p38MAPK. 

TrkA induced activation ofpRB and upregulation ofp21wAF 

Another possible mechanism by which TrkA could induce cell death is by producing 

conflicting cell cycle signaIs that might "confuse" the neuroblastoma cells, and 

subsequently cause the induction of apoptosis. The hypothesis is that TrkA will inhibit 

the cell cycle in cells that are constitutively cycling due to the high levels of N-myc 

expression, producing conflicting signaIs that subsequently cause the activation of 

apoptotic genes such as p53. To determine whether TrkA induced the expression of anti

mitotic proteins, we analysed the expression levels or activity of two known cell cycle 

repressors, the retinoblastoma protein (pRB) and the cyclin/Cdk (cyclin-dependent 

kinase) inhibitor p21 WAF. The activity of pRB is regulated by phosphorylation; 

hyperphosphorylated pRB is inactive, while hypophosphorylated pRB is active and 

prevents cen cycle progression. Since hyperphosphorylated pRB migrates at a higher 

molecular weight than hypophosphorylated pRB on SDS-PAGE, the phosphorylation 

levels of pRB can be determined by Western blotting either using a phospho-specific 

antibody which recognizes the hyperphosphorylated form, or by using a pan-pRB 

antibody which will detect the shift in the apparent pRB molecular weight as a 

measurement for pRB phosphorylation levels. NGP celIs were infected with either TrkA 

Ad5 or LacZ Ad5 for 36 hrs in the presence of NGF. Using a phospho-specific pRB 

antibody, pRB was found to be phosphorylated in both uninfected and LacZ infected 

NGP cens, which was expected as the se cens were proliferating (figure 2.6A). In 

contrast, phospho-pRB levels were dramatically reduced in TrkA-expressing ceUs 

(figure 2.6A). We did not perform this experiment in the absence of NGF because once 

overexpressed, TrkA can auto-activate in an NGF-independent manner (Hempstead et 

al., 1992) leading to the activation of TrkA signalling cascades. In addition, in the 
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Figure 2.6: The cell cycle repressors, pRB and p21 WAF are activated and up

regulated, respectively, following TrkA expression. (A) Western blot for phospho

pRB on lysates ofNGP cells infected with 50 MOI of either TrkA or LacZ Ad5 for 36 

hrs in presence of 50 ng/ml of NGF. As a loading control, the lower panel shows the 

Ponceau red of the area corresponding to pRB. (B) Western blot for p21 WAF on lysates 

ofNGP cells infected as in (A) and treated with UOI26 (20 uM) or DMSO. The bottom 

panel shows the Ponceau red used as loading control. (C) Western blot for pan-pRB 

and p2I WAF of NGP cells infected with TrkA Ad5 for indicated times in presence of 

NGF. 



absence of NGF, overexpression of TrkA will kill neuroblastoma cells, although at a 

slower rate than in NGF (data not shown). To determine whether this reduction of 

phospho-pRB levels was attributable to reductions of pRB protein, and to determine 

when pRB became dephosphorylated following TrkA expression, NGP cells were 

infected with 50 MOI TrkA for 24 to 33 hrs in presence of NGF, and pRB protein levels 

assessed by Western blotting using anti-pRB. While the levels of pRB protein were 

similar in TrkA-expressing and uninfected NGP cells, the band intensity for the 

hypophosphorylated form of pRB was more intense in uninfected cells than in TrkA

expressing cens (figure 2.6C). This result suggests that TrkA expression causes a 

decrease in pRB phosphorylation rather than an overall decrease in pRB expression. In 

addition, the unphosphorylated form of pRB was detectable by 24 hrs post-TrkA 

infection (upper band of figure 2.6C). Therefore, expression of TrkA results in the 

dephosphorylation of pRB protein in NGP cens, likely resulting in the activation of 

pRB. However, these experiments do not show how TrkA induces this change in pRB 

phosphorylation. 

We also asked whether expression of another cell cycle inhibitor, p2I WAF, was 

induced by TrkA in NGP cells. Since p21 WAF activity is regulated by protein expression 

levels, we performed Western blotting using a p2I WAF antibody to determine the levels 

of p2I WAF in NGP cells. As expected, uninfected NGP cens expressed bare1y detectable 

p2I WAF protein (figure 2.6B). In contrast, TrkA Ad5-infected NGP cells exhibited high 

p21 WAF levels (figure 2.6B), both in comparison to uninfected and LacZ-infected cells. 

We then determined the temporal pattern of TrkA induced p2I WAF expression in NGP 

cells infected with TrkA Ad5 for 24hrs to 33 hrs in presence of NGF. p2I WAF expression 

was detectable by 24 hrs post-infection, and increased to reach maximal expression by 

30 hrs (figure 2.6C, lower panel). Taken together, these experiments suggest that TrkA 

induces cell cycle arrest by activating at least two cell cycle repressors, pRB and 

p21WAF
. 

TrkA up-regulates p53 protein levels 

Since p2I WAF expression can be induced by the tumour suppressor protein p53, and 

since p53 plays an important role in cell death induction, we asked whether TrkA 
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Figure 2.7: TrkA induces the up-regulation of pro-apoptotic proteins and the 

decrease of the anti-apoptQtic protein, Bcl-2. The protein levels of p53 (A), Bax (B), 

Bcl-2 (C), and active-caspase-3 (D) were determined by Western blot on lysates of NGP 

cens infected with 50 MOI of TrkA or LacZ Ad5 in presence of NGF (50 ng/ml) for 36 

hrs. (A) Levels of p53 (top panel) were normalized to the levels of ERK-l (middle 

panel). This normalized value was divided by the p53 normalized value for uninfected 

cens to detennine the increase (in fold) of p53 in infected cens (bottom panel). (B) NGP 

cens were infected as described above, and treated with U0126 (20 /lM) or DMSO. (C) 

NGP cens were treated as in (B) and levels of Bcl-2 were determined (top panel). The 

second panel shows the levels of tubulin, which was used as a loading control. (D) 

Levels of cleaved (active) caspase-3 in NGP cens infected with either TrkA Ad5 or 

LacZ Ad5. Levels of ERK phosphorylation (E), and the protein levels of p53 (E), 

cleaved caspase-3 (E) and cleaved PARP (F) were determined at indicated time points 

fonowing TrkA Ad5 infection in absence (E) or presence (F) of NGF. 



expression in NGP cells increased p53 protein levels. This was determined by Western 

blotting using a p53 antibody of lysates of NGP cells that were infected with TrkA or 

LacZ Ad5. p53 protein levels were two-fold higher in TrkA-expressing NGP cells than 

in LacZ-expressing cells (figure 2.7 A). Similar results were obtained in multiple 

experiments (figure 2.7E). In the absence of NGF, this increase in p53 was detectable by 

24 hrs post-infection, and increased with time to reach a maximal level by 30 hrs post 

infection (figure 2.7E). This result is not surprising, as over-expressed TrkA can auto

phosphorylate in the absence of NGF (Hempstead et al., 1992). In support of the auto

activation of TrkA in this experiment, we observed that ERKl/2 MAP kinase was 

phosphorylated in celllysates of TrkA-expressing NGP cells (figure 2.7E). These results 

suggest that TrkA may induce the death of neuroblastoma cells in part via increases in 

the levels of the p53 apoptotic protein. 

TrkA induces a down-regulation of Bcl-2 protein levels 

Increases in p53 protein levels often results in the transcription of pro-apoptotic genes 

inc1uding the pro-apoptotic Bc1-2 family member protein, Bax (Miyashita and Reed, 

1995). Therefore we asked whether TrkA expression resulted in the up-regulation of Bax 

protein levels. Bax levels, however, were not altered by TrkA expression, as determined 

by Western blotting with anti-Bax (Figure 2.7B). Since the balance between pro- and 

anti-apoptotic Bel-2 family members can regulate apoptosis, we asked wh ether TrkA 

expression altered the levels of other BH3 domain-containing proteins such as Bel-2. 

Bel-2 levels were almost completely suppressed by TrkA expression, as determined by 

Western blotting using with anti-Bel-2 (figure 2.7C). The dramatic decrease in Bel-2 

levels may account for TrkA's cell death-inducing activity. If TrkA causes cell death in 

part by decreasing Bc1-2 levels, than reconstituting Bc1-2 family member expression 

should prevent TrkA-induced cell death. Since we did not have an adenovirus capable of 

expressing Bcl-2 in neuroblastoma cells, we used an adenovirus expressing the anti

apoptotic Bel-2 family member Bel-XL. Using this virus, Bel-XL was expressed at 

approximately 30-50% higher levels than in LacZ-infected or uninfected cells, as 

determined by Western blotting with anti-Bel-XL (figure 2.8C). To determine whether 

Bel-XL overexpression would prevent TrkA-induced cell death, NGP cells were co-
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Figure 2.8: Over-expression of Bel-XL protects NGP cells from TrkA-induced cell 

death and prevents caspase-3 and PARP eleavages. (A-B) NGP cens were infected 

with 50 MOI of TrkA, GFP or Bel-XL Ad5, as indicated, in presence of 50 ng/ml of 

NGF for 50-52 hrs. Cells were stained with Trypan blue for 10 min and pictures were 

taken (A). The number of dead cens was counted for each conditions divided and by the 

total number of cens per field. The average of four independent experiments is 

represented in (B). The error bar corresponds to the standard deviation of the mean 

among the se four experiments. (** = p :s 0,01; t-Test). (C) Western blotting for Bel-XL, 

active-caspse-3, eleave PARP and LacZ on lysates of NGP cens treated as in A and B 

for 36 hrs. For loading control, the membrane was also probed for anti-ERK. 



infected for 48 hrs with TrkA and Bel-XL adenoviruses, or control OFP adenovirus, and 

cell death assessed by Trypan blue exelusion assay. Bel-XL overexpression reduced 

TrkA-induced cell death by 54,8 ± 6,3 % (n = 4 independent experiments, p :::; 0.01, t

Test), while OFP expression had no effect (figure 2.8A-B). Bel-XL was expressed in 

cells infected with TrkA, as determined by Western blotting with anti-Bcl-XL (figure 

2.8C). These results suggest that TrkA induces cell death by decreasing the levels of the 

anti-apoptotic Bel-2 protein. 

TrkA expression induces activation of caspase-3 

A decrease in Bel-2 levels leads to the release of mitochondrial cytochrome c, the 

activation of caspase-9, and the subsequent eleavage and activation of the effector 

caspase, caspase-3 (see chapter 1). We therefore examined whether TrkA induced cell 

death in a caspase-dependent manner. Caspase-3 activity was assessed in two ways; by 

the appearance of eleaved caspase-3 and by the appearance of the eleaved form of the 

caspase-3 target poly(ADP-Ribose)polymerase (PARP) by Western blotting using 

antibodies that specifically recognize the eleaved forms of these proteins. NOP cells 

were infected with TrkA Ad5 or LacZ Ad5 for 36 hrs, lysed and the levels of cleaved 

caspase-3 and PARP determined. Caspase-3 was activated in TrkA expressing, but not 

LacZ-expressing NOP cells (figure 2.7D). Active caspase-3 was first apparent at 24 hrs 

post-TrkA infection and increased to reach a plateau at 30 hrs post-infection (figure 

2.7E). Consistent with the increase in caspase-3 activation following TrkA expression, 

we observed an increase in the eleaved form of PARP in NOP cells infected with TrkA 

Ad5, but not with control virus (figure 2.7F). This increase in cleaved PARP levels in 

TrkA-infected cells was first observed at 25 hrs post-infection, and increased with time 

(figure 2.7F). 

To determine whether the activity of caspases was required for TrkA-induced 

cell death, TrkA or control virus-infected NOP cells were treated with the broad

spectrum caspase inhibitor Z-VAD-fmk. Cell death was assayed by Trypan blue 

exclusion assay two days post-treatment, and the ability of Z-VAD-fmk to prevent 

caspase-3 activation was confirmed by Western blotting. As shown in figure 2.9A 

treatment of TrkA-infected NOP cells with 50 ng/ml of Z-V AD-fmk was sufficient to 
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Figure 2.9: Broad caspase inhibitor rescues NGP cells from TrkA-induced cell 

death and prevents caspase-3 and P ARP cleavage. NGP cens were infected with 50 

MOI of either TrkA or GFP Ad5 for 50-52 hrs in presence of 50 ng/ml of NGF and 

treated with either ZVAD-fmk (100 nM) or DMSO (A-B). cen survival was determined 

using trypan blue staining (A). The number of dead cens was counted for each condition 

and divided by the total number of cens per field. The average for three independent 

experiments is represented in (B). The error bar corresponds to the standard deviation 

among these three experiments. (** = p :s 0.01; ANOVA). (C) Western blot for active

caspse-3, c1eaved PARP and LacZ on lysates of NGP cens treated as in A and B for 36 

hrs. For loading control, the membrane was also probed for anti-ERK. 



prevent caspase-3 activation and PARP eleavage as measured 36 hrs post-treatment. 

Consistent with this observation, treatment of TrkA infected cells with ZVAD-fmk 

decreased TrkA-induced cell death by 78,0 ± 5.5% (n=3, p :s 0.01, ANOVA) (figure 

2.9B-C). Treatment of GFP Ad5 infected or uninfected cells with ZVAD-fmk did not 

alter their survival (figure 11B-C). This resu1t suggests that TrkA induces cell death in a 

caspase-dependent manner. 

To determine whether the protective effect of overexpression of Bel-XL occurred 

upstream of caspase-3, we determined the Ieveis of active caspase-3 and eleaved PARP 

in cells co-infected with TrkA and LacZ Ad5 or TrkA and Bel-XL Ad5. As shown in 

figure 2.8C, expression of Bel-XL, but not GFP, prevented caspase-3 activation and 

eleavage of PARP. Taken together, these data suggest that TrkA induces apoptosis of the 

NGP neuroblastoma cell line by increasing p53 protein Ievels and decreasing Bel-2 

levels, which in tum increases caspase-3 activity and apoptosis. 

2.3 Material and Methods: 

Cel! culture 

The human neuroblastoma ceIllines Lan-1-15N (15N) (Ciccarone et al., 1989) and NGP 

(Brodeur et al., 1977) cells were cultured in RPMI 1640 supplemented with 10% fetai 

bovine serum (FBS), 2 mM L-glutamine, 100 U/ml penicillin and 100 flg/mi 

streptomycin (media and supplements were purchased from BioWhittaker). The human 

kidney HEK 293 and the HEK 293 expressing the transactivator tTa (293 tTa) cells were 

obtained from Dr. B. Massie and cultured in DMEM (BioWhittaker) containing 10% 

fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mi penicillin and 100 flg/mi 

streptomycin. These four celllines were passaged using trypsin and grown at 37 'c in an 

atmosphere containing 5% CO2 • The neuroblastoma cells were plated in rat tail collagen 

coated flasks for biochemistry assays, or on poly-D-Lysine (Sigma, Saint Louis, MI) 

coated flasks for immunohistochemistry and survival assays. 
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Neurotrophins and Antibodies: 

Nerve growth factor (NGF) was obtained from Cedarlane (Hornby, Ontario) and the 

brain-derived neurotrophin factor (BDNF) was purchased from PeproTech (Rocky Hill, 

NJ) and used at SO ng/ml and 100 ng/ml respectively, for duration of these studies. Anti

pan Trk 203 antibody (raised in rabbit), which was generated against the carboxy

terminal 14 amino acid of the human Trk receptor has previously been described 

(Hempstead et al., 1992). The anti-phospho tyrosine 4G 10 monoclonal antibody was 

obtained from AEGERA (Iles-des-Soeurs, Québec). Anti-phospho-MAPK specific for 

phosphorylated residues 183Thr and 18STyr and the anti-phorpho-p38 MAPK (both raised 

in rabbit) were bought from Promega (Madison, WI). Rabbit anti-ERK-1, anti-JNK-1, 

anti-Bcl-2, ~mti-Bcl-XL and mouse anti-pS3 (DO-1) antibodies were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA). Anti-active JNK (rabbit) was bought from 

BioSource (Camarillo, CA). The antibodies against anti-phospho Akt recognizing 

phosphorylated serine 473, anti-pan Akt, anti-phospho-Rb specific for phospho-serine 

780, anti-cleaved caspase-3 and anti-cleaved-PARP were obtained from Cell Signaling 

(Bervely, MA). Upstate Biotechnology (Lake placid, NY) was the supplier for anti

p21 WAF and anti-Bax. The anti-pan pRB antibody was purchased from PharMingen 

(Mississauga, ON). The anti-Flag® M2 and anti-tubulin antibodies were obtained from 

Sigma. These primary antibodies were revealed by Western blotting using goat 

secondary antibodies anti-mouse (BioRad, Hercules, CA) or anti-rabbit (Chemicon 

International, Temecula, CA) coupled to HRP or by immunostaining using the 

secondary antibodies anti-mouse-FITC and anti-rabbit-Cy3 (Jackson ImmunoResearch 

LaboratOlies ). 

Adenoviruses: 

Adenovirus encoding for human wild type TrkA (TrkA AdS) under the tTa-inducible 

cytomegalovirus (CMV) promoter (tTa-CMV) was previously generated by Josée Wong 

from Dr. David Kaplan's laboratory. Bliefly, the wild type human TrkA cDNA tagged at 

its extracellular domain with the Flag epitope was excised from pKSTrkA vector 

obtained from M. Ashcroft and inserted into the pAdTRSF adenovirus vector (named 

pAdTRSF-TrkA). The pAdTRSF-TrkA was transfected in HEK 293 cells to obtain 

SS 



adenoviral particles expressing TrkA-Flag. Viral· particles were amplified in HEK293 

cens and purified on cesium chloride gradients (see below), as previously described 

(Massie et al., 1995; Mazzoni et al., 1999). Viral titer was determined using the tissue 

culture infectious dose 50 (TCIDso) method (see below). TrkB Ad5, which express TrkB 

tagged with Myc at its extracellular terminus under the tTa-CMV promoter, was 

generated by Dr. J. Atwal (Atwal et al., 2000). Bel-XL Ad5, LacZ Ad5 or GFP Ad5, 

which express CMV promoter driven Bel-XL, beta-galactosidase and GFP, respectively, 

were obtained from AEGERA. 

Amplification and CsClz purification 

TrkA Ad5 was amplified in HEK 293 cells by successive rounds of infection: infected 

HEK 293 cells were collected, lysed by 2 cycles of freeze (-80 ·C) -thaw (37 ·C), and 

used to infect 65% to 75% confluent HEK 293 cens. For the final round of infection, 

from 12, 500 cm2 dishes (Corning Incorporated, Corning, NY) infected HEK 293 cells 

were collected, spun down and resuspended in a total volume of 11-12 ml of media. The 

cens were lysed by 4 cycles of freeze-thaw and centrifuged at 3000 RPM to remove 

large cellular debris. The supernatant containing TrkA Ad5 virions was purified on two 

successive cesium-chloride (EM Science, Gibbstown, NJ) gradients. TrkA Ad5 isolated 

from the second gradient was dialysed three times in a dialysis buffer (10mM Tris pH 

7.4 (Fisher, Fair Lawn, NJ), ImM MgClz (EM Science) and 10% glycerol (Fisher» at 4 

C (final dilution of 1: 10\ aliquoted and stored at -80C. 

Plaque assay 

HEK 293 cens, plated in 60 mm dishes, were infected overnight with seriaI 1O-fold 

dilutions of cesium chloride purified TrkA-Ad5. The media was then replaced with 

media containing 1 % of SeaPlaque® agarose. Cells were fed every 3-4 days by adding 

fresh agarose-containing media. At 10 days post-infection plaques were visible. Thirty 

of these plaques were isolated and eluted in 1 ml of media overnight at 37 ·C, and 5% 

CO2• One hundred /-LI of these eluted viruses were used to infect HEK 293 tTa cells 

plated in 24 weIl plates. Two days post infection, cells were harvested and TrkA 

expression was determined by Western Blotting. 
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Titer determination by TCIDso plaque assay 

TrkA Ad5 titer was determined using the TCID50 assay (Quantum Biotechnologies). 

Briefly, HEK 293 cells plated in 96 wells plate at a density of 104 cells per weIl were 

infected with TrkA diluted ten-fold serially. Ten days post-infection, the ratio of positive 

(wells containing infected HEK 293 cells) to negative wells (wells with no infected 

cells) was ca1culated for each viral dilution. These ratios were added and used as the 

value of S in equation 1 *. The TCID50 value was converted into plaque forming unit 

per milliliter by subtracting the constant 0.7 to constant 1 of equation 1. 

Equation 1 *: T - 10(1 + des - 0.5) - 0.7) 
pfu/nù.-

PCR 

d = Log 10 of the dilution ( = 1 for a 10 fold dilution) 

S = the sum of ratio (ratio of positive weIl for each viral dilution) 

T = is expressed in plaque forming unit per milliliters (pfu/ml) 

The presence of ElA and E1B genes was determined by PCR using the following 

forward (FWD) and reverse (REV) primers. ElA FWD: 5'-ATC TGC CAC GGA GGT 

GTT ATT-3', ElA REV: 5'-CGG TAC AAG GTT TGG CAT AGA-3', E1B FWD: 5'

GCT GAA GAC CAT TCA CGT AGC C-3', and E1B REV: S'-CAG TAC CTC AAT 

CTG TAT CTT CAT CGC-3'. The ElA and E1B sequences were amplified by 

denaturing the viral DNA at 94 'c for 2 min, followed by 30 cycles of denaturation at 94 

'c for 1 min, annealing at 58 'c for 1 min and elongation at 72 'c for 1 min. The PCR 

products were run on a 1.5 % agarose gel. 

Infections: 

Cells at 70-80% confluency were trypsinised, counted on a hemocytometer and plated at 

similar density in flasks coated with either 4% rat tail collagen (for biochemistry assays) 

or poly-D-lysine (survival assays or immuohistochemistry) and allowed to settle for 18 

to 24 hrs prior treatment. Cells were infected or co-infected with 50 multiplicity of 
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infection (MOI) TrkA Ad5, 50 MOI kinase dead TrkA Ad5, 100 MOI TrkB Ad5, 50 

MOI LacZ Ad5, 50 MOI GFP Ad5, or 50 MOI Bel-XL Ad5, unless otherwise indicated. 

Neurotrophins were added at time of infection for time course experiments and survival 

assays or acutely added (5 to 15 min) at 36 hrs for biochemistry assays. The 

pharmaceutical drugs, U0126 MEK inhibitor (Promega) and z-VAD caspase inhibitor 

(Calbiochem), used at 20 JlM and 100nM respectively, were aIso added at the time of 

infection. 

Biochemistry assays: 

Immunoprecipitation: NGP cells were infected for 36 hrs, then treated with 50 ng/ml of 

NGF for 5 min at 37 'c prior to lysis with NP-40 lysis buffer (TBS: 39.8 mM Tris HCI, 

274 mM NaCI, pH 7.4, supplemented with 1% NP-40 (EM Science), 10% glycerol 

(Fisher), 500 JlM sodium vanadate (Fisher) and protease inhibitor cocktail (Roche, 

Mannhein, Germany». Celllysates were equalized using BCA protein assay kit (Pierce, 

Brockville, ON) and Trk proteins were immunoprecipitated from 90 ~g of protein with 

the anti-pan Trk 203 antibody. For the immunoprecipitation, celllysates were incubated 

with pan-Trk 203 antibody for 2 hrs at 4 'C, followed by addition of sepharose beads

coupled to protein A (Amersham Bioscience) for 1 hr at 4 'C. Immunoprecipitated Trk 

were washed in lysis buffer, denatured in sample loading buffer (1.67% SDS, 8.3% 

glycerol, 1.3% DTT (Sigma) trace bromophenol blue (Fisher», boiled, run on a 7% 

SDS-PAGE, and transferred on a nitrocellulose membrane (Protran® Mandel, Keene, 

NH). Western blotting was performed using the pan-Trk 203 antibody. 

Western Blotting: To characterize the TrkA signal transduction pathway, NGP 

cells were infected and treated as described above for 24 to 36 hrs in the presence of 50 

ng/ml of NGF, then lysed, with NP-40 lysis buffer or RIPA buffer (50 mM Tris HCI pH 

7.4, 150 mM NaCI, 0.1 % SDS, 0.5% sodium deoxycholate, 500 JlM sodium vanadate 

and protease inhibitor cocktail). Cell lysates were equalized, denatured in sample 

loading buffer, boiled, run on 7% to 15% gradient SDS-PAGE (unless otherwise 

indicated), and transferred to nitrocellulose membrane. Membranes were blocked in 3% 

BSA (Calbiochem)/TBS-T (TBS containing 0,2% Teen-20 (Fisher») for anti-phospho 

antibodies, or with milk blocking buffer (5% skim milk (Carnation), 1 % BSA in TBS-T) 
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for 1 hr at room temperature (RT). Primary anti-phospho-antibodies were diluted in 

TBS-T and the other antibodies were diluted in blocking buffer, and incubated with the 

membrane overnight at 4 'Co Following washes, the membranes were incubated with 

secondary antibodies diluted in TBS-T for 1 hr at RT. Antibodies were visualized using 

the chemoluminescence ECL™ kit (Amersham Biosciences), according to the 

manufacturer guidelines. For reprobe analysis, the membranes were incubated with 

striping buffer (2% SDS; 62 mM Tris pH 6.8, 0.7% ~-mercaptoethanol) for 15 minutes 

at 55 'c, rinsed several time in TBS, blocked and reprobed. 

Densitometry analysis 

The densitometry analysis was performed on scanned films with Total Lab 1.0 software 

(Amersham Biosciences). The intensity value for p53 bands were normalized by 

dividing their value by the intensity value for ERK of the same sample. To determine the 

change in p53 levels (in fold of uninfected cells) among the samples the normalized p53 

values for each condition were divided by the normalized value of p53 of uninfected 

cells. 

Immunostaining assays 

NGP cells were counted, plated on poly-D-Iysine coated 2 wells chamber slides 

(Nalgene, Naperville, IL), and infected as described above in presence of 50 ng/ml NGF. 

At 27 hours post-infection, media was removed, cells were washed with PBS 

(phosphate-buffered saline, BioWhittaker), fixed in 4% paraformaldehyde for 20 min, 

blocked in 20% normal goat serum, 1 % bovine serum albumin (both from Jackson 

ImmunoResearch Laboratories) in PBS for 1 hr at room temperature. Primary antibody 

diluted in blocking solution was added overnight at 4' C. Cell were then incubated with 

secondary antibodies coupled to fluorochrome (diluted in blocking solution) for one 

hour at room temperature. Nuclei were stained with Hoechst and pictures were taken 

using an upright Zeiss microscope with a 40X lens. 
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Survival assays 

MIT: Cells were plated in 48 well plate coated with rat tail collagen, infected as 

described, and NGF was added at time of infection. At 48 hrs post-infection, cell 

survival was assessed by incubating the cells for 1 hr with MTT reagent (Sigma) at 37 

·C. Media was removed, cens were solubilized in isopropanol, and optical density, which 

corresponds to mitochondrial activity, was determined with an ELISA reader (OD 570 

nm). Trypan Blue exclusion assay: NGP cells were plated on poly-D-Iysine coated 

chamber slide and treated, as described, in the presence of neurotrophin. Cell survival 

was determined at 48 hrs post-treatment by incubating the cens with 20% trypan Blue 

(Sigma) added to the media for 10 min at 37 ·C. Pictures of the cells were taken using an 

upright Zeiss microscope. The number of cells stained with trypan blue as wen as the 

total number of cens per microscope field was calculated for 4 microscope fields. An 

average of 1500 cens was counted per condition. The percentage of cell death was 

calculated by dividing the number of dead cells by the total number of cens for each 

condition. 

Statistical analysis 

All statistical analyses were performed using Student t-Test or ANOV A, as indicated. 
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III. Discussion 

Here we show that overexpression of the kinase-active TrkA neurotrophin receptor but 

not the kinase-defective TrkA (KDTrkA), induces the death of two different 

neuroblastoma cell lines. The overexpression of TrkA resulted in alterations in protein 

levels or activites of a number of proteins implicated in the regulation of apoptosis. 

These ineluded increases in the levels of p53, decreases in the levels of Bel-2, and in the 

activation of caspase-3. Furthermore, treatment with a broad caspase inhibitor or 

overexpression of the anti-apoptotic protein Bel-XL prevented TrkA from inducing cell 

death. These results strongly suggest that TrkA induces apoptotic cell death by a 

mechanism involving the modulation of pro- and anti-apoptotic proteins. While our 

results are consistent with TrkA causing apoptosis, we will need to perform cell death 

assay specific for apoptosis, su ch as the TUNEL assay, which specifically stains 

fragmented DNA, a characteristic of apoptotic cells. 

The results confirmed the pre1iminary data of Dr. Lynne LeSauteur, suggesting 

that overexpression of TrkA using a TrkA-encoding recombinant adenovirus that was 

contaminated with wild-type (WT) adenovirus induced the death of neuroblastoma cells. 

Since the infection of NGP cells with WT Ad5 alone did not induce cell death, and the 

uncontaminated TrkA-encoding adenovirus efficiently induced cell death, we conelude 

that overexpression of TrkA is sufficient to induce cell death in NGP and 15N 

neuroblastoma cells. However, infection of NGP and 15N cells with equivalent MOIs of 

TrkA Ad5 resulted in different levels of cell death. This difference may be explained by 

a difference in TrkA expression leve1s in each cell type. In support of this explanation, 

we found that (1) using equivalent MOIs, the expression of TrkA was higher in NGP 

than in 15N cells and (2) TrkA expression using increasing MOIs of TrkA Ad5 induced 

the dose-dependent death of both NGP and 15N cells. However, from these experiments, 

we cannot exclude the possibility that 15N cells are more resistant to TrkA-induced cell 

death than NGP cells. This result, however, contrast with previous studies (Chen et al., 

1990; Lavenius et al., 1995; Lucarelli et al., 1997; Matsushima and Bogenmann, 1993; 

Poluha et al., 1995) showing that overexpression of TrkA in neuroblastoma cell lines 

induces cell differentiation but not cell death. This discrepancy could be explained either 
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by the methods used (transient infection versus stable transfection) to assess the 

biological function of TrkA, or by the levels of TrkA overexpression achieved using 

adenovirus. In these previous studies, TrkA cDNA was stably transfected into NB cens, 

and the transfected cells were then selected and amplified prior to studying the 

biological action of TrkA. This method, which requires several weeks to obtain TrkA

expressing cell clones, is likely to select for NB cells that are resistant to TrkA-induced 

death. Therefore the cell death-inducing effect of TrkA would not be observed using this 

method. In contrast, overexpression of TrkA using a recombinant adenovirus does not 

select for neuroblastoma ceUs that could be resistant to TrkA-induced ceU death, since 

most cells in a tissue culture dish are transiently infected with the recombinant virus. 

This method allows for high levels of TrkA expression. These levels are not likely to be 

toxie per se; similar levels of kinase-inactive TrkA or wild-type TrkB expression did not 

induce cell death. 

MEK/ERK1I2 pathway is not requiredfor TrkA-induced cell death. 

TrkA has been shown to activate three major signal transduction cascades upon binding 

to NGF, the PLC-y, the Ras/RafIMEKIERKl/2 and the PI-3K1Akt signaling pathways 

(Kaplan and Miller, 1997). Therefore we tested the possibility that one of these signaling 

cascades is implicated in mediating TrkA-induced cen death. Among these three signal 

transduction pathways, the preliminary data generated by Dr. LeSauteur with the 

contaminated TrkA Ad5, suggested that TrkA induced cell death via the MEKlERK1I2 

signaling cascade. However, our data shows that inhibition of the MEKIERK signaling 

pathway using the pharmacological inhibitor UO 126 did not prevent TrkA (expressed 

from uncontaminated TrkA Ad5) from inducing cell death. This contrasting result could 

be explained by the following observations. First, infection with the TrkA Ad5 

contaminated with WT Ad5 is likely to lead to the expression of TrkA and the WT Ad5 

El gene products, the ElA and EIB proteins. The EIB55K protein can interact with and 

inhibit p53 functions (Aloyz et al., 1998). Therefore, it is possible that co-expression of 

the WT Ad5 genes resulted in the partial inhibition of p53. Secondly, we generated data, 

not included in this thesis, showing that inhibition of MEK using the U0126 compound, 

which did not prevent TrkA from inducing ceU death, prevented TrkA from inducing the 
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up-regulation of p53. This observation is consistent with previous reports showing that 

in neuroblastoma cells inhibition of the MEK/ERK1I2 pathway prevents the up

regulation of p53 caused by cell death inducers such as cisplatin (Park et al., 2001; 

Woessmann et al., 2002). Therefore, it is possible that, in the presence of EIAIEIB 

genes, the endogenously expressed p53 becomes neutralized, forcing TrkA to use 

MEK/ERK to up-regulate p53 levels to induce apoptosis. In contrast, in the absence of 

EIAIEIB proteins, the up-regulation of p53 could be dispensable for TrkA-induced cell 

death, as the endogenous levels of p53 might be sufficient to induce apoptosis. In this 

case, we hypothesize that TrkA causes the activation of p53 by inducing cellular re

localization to the nucleus. In support of this hypothesis, p53 has frequently. been 

observed sequestered in the cytoplasm of neuroblastoma cells and celI lines (MolI et al., 

1995; Moll et al., 1996). As a consequence, overexpression of TrkA might induce the re

localization of p53 from the cytoplasmic to nuclear compartments, thereby activating 

p53 downstream effectors. To test this hypothesis, it will be necessary to determine, by 

immunostaining, the endogenous localization of p53 in NGP celIs and its localization 

following overexpression of TrkA. The above hypothesis is based upon the assumption 

that TrkA induces cell death via a p53 dependent mechanism. In future studies, we will 

need to determine whether TrkA will induce death in the absence of p53 for ex ample, 

following treatment of the neuroblastoma celIs with small interfering (siRNA), anti

sense RNA directed towards p53, or in the presence of p53 negative regulators such as 

the EIB55K protein (Aloyz et al., 1998), which inhibits p53 function. In SUpp011 of this 

hypothesis, our preliminary results indicate that TrkA will not induce the death of a 

neuroblastoma cellline expressing a mutated non-functional p53 (data not shown). 

JNK and p38MAPK are not activated following TrkA expression. 

We next examined whether other signaling pathways implicated in apoptotic processes 

in neural tumor cells such as PC12 and medulloblastoma cells were activated by TrkA 

overexpression, including JNK and p38MAPK. Neither JNK nar p38MAPK was 

activated by TrkA expression in NB celIs. This result contrasts with a recent study in 

pe12 cells, showing that overexpressed TrkA induced the activation of the MEK3/6-

p38MAPK pathway at the same time points used in our study, and that activation of this 
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pathway was required for TrkA-induced ceIl death (Yan et al., 2002). Therefore, our 

results suggest that TrkA induces ceIl death of human neuroblastoma ceIls by a 

mechanism distinct from PC12 ceIls. This result also contrasts with the important role of 

JNK in the induction of apoptosis of sympathetic neurons (Aloyz et al., 1998; Miller et 

al., 2000). However, in this paradigm, JNK becomes activated foIlowing withdrawal of 

NGF and not foIlowing activation of TrkA. Therefore, our results suggest that the 

activation of JNK and p38MAPK proteins is not a mechanism used by TrkA to induce 

the death of human NB ceIls. 

TrkA activates pRB activation and in creas es the expression ofp53 and p21 wAF 

We showed that in NGP cells, overexpression of TrkA resulted in the activation of pRB 

and in the up-regulation of p21 WAF, two important cell cycle repressors. Our time course 

experiments showed that pRB became hypo-phosphorylated at 24 hrs post-TrkA Ad5 

infection, ie, 6 hrs prior to the peak in p21 WAF up-regulation. This suggests that the 

increase in hypo-phosphorylated levels of pRB might occur prior to the up-regulation of 

p21 WAF. This increase in activity and in up-regulation of these cell cycle repressors is 

consistent with previous studies showing that activation of over-expressed TrkA results 

in growth arrest in neuroblastoma cells (Lucarelli et al., 1997; Matsushima and 

Bogenmann, 1993; Poluha et al., 1995). However, it remains to be determined wh ether 

overexpression of TrkA induces ceIl cycle arrest in our neuroblastoma cells. This will be 

assessed by F ACS analysis. In addition, several experiments will be required to 

determine the mechanism by which TrkA induces the up-regulation of hypo

phosphorylated pRB levels. One possible mechanism is that TrkA might suppress the 

activity of pRB negative regulators su ch as cyclin-dependent kinases (CDK) and N

Myc, which would prevent the inactivation of pRB. As a consequence, pRB will be 

active and will repress entry into the ceIl cycle. To test this hypothesis, it will be 

necessary to determine whether the increase in hypo-phosphorylated pRB is required hy 

TrkA to induce cell cycle arrest. If activated pRB is required for TrkA-induced cell cycle 

arrest, then we will determine whether the catalytic activity of cdk as well as the protein 

levels and the localization of N-Myc protein are modulated following TrkA expression. 

If pRB activation is not required for TrkA-induced cell cycle arrest, we will investigate 
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whether TrkA modulates the activity of cdk or if it modulates the protein levels or 

localization (nuclear vs. cytoplasmic) of the N-Myc protein. 

p53 is a potent cell cycle negative regulator as weIl as an important apoptosis 

inducer (Levine, 1997). Our results show that subsequent to TrkA expression, p53 levels 

increase in NGP cells. However, the mechanism by which TrkA causes this increase in 

p53 levels remains to be determined. One possibility is that TrkA induces stabilization 

of p53 protein by stimulating its phosphorylation. This could be tested by Western 

blotting using antibodies that recognize specifie phosphorylated residues of p53 

involved in stabilizing this protein, including anti-phosho p53 serine 46. Since p53 is a 

transcription factor, this increase in p53 is likely to result in the transcription of p53 gene 

targets such as the cyclin-cdk inhibitor, p21 WAF. Our observation that p21 WAF up

regulation followed the up-regulation of p53 (figures 2.6C and 2.7E) is consistent with 

this model. However it will be necessary to perform experiments to confirm that p53 is 

the inducer of p21 WAF in this model, since the p53 status, with regard to mutation and 

sub-cellular localization, is unknown in NGP. In these experiments, we would determine 

whether TrkA causes an increase in p21 WAF levels when p53 function is inhibited by 

small interfering RNAs targeted to p53 mRNA or following the expression of the 

EIB55K protein. TrkA may also cause an accumulation or increase in the levels of p53 

in the nucleus of NGP cells. Indeed, our preliminary data indicates that TrkA expression 

increases the levels of p53 in the cytoplasm and nucleus (data not shown). 

Our pRB, p53 and p21 WAF time course experiments suggest that pRB lies 

upstream of p53 and p21 WAF, as pRB became hypo-phosphorylated prior to the peak of 

p53 and p21 WAF up-regulation. Consistent with this observation, pRB has been reported 

to be implicated in the death of sympathetic neurons deprived of NGF (Park et al., 1996; 

Park et al., 1997). However, in this signaling cascade, consisting of CDK4/6-pRB

pI9ARF-p53, pRB becomes hyper-phosphorylated by CDK4/6, which contrast with the 

increase in hypo-phosphorylated pRB levels observed following TrkA over-expression 

in NGP cells. Therefore, if pRB is implicated in inducing TrkA-mediated cell death, it 

would do so in a manner distinct from sympathetic neurons. One mechanism by which 

pRB might induce the apoptosis of neuroblastoma cells is by dysregulating of the cell 

cycle. The activation of pRB might partially inhibit the cell cycle, which is constitutively 
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"on" due to the high levels of N-myc expression in many NB cell lines such as NGP 

(Nakagawara et al., 1994; Schwab et al., 1983), producing conflicting signaIs that might 

"confuse" the ceIls, and subsequently cause the induction of p53 and apoptosis. In future 

studies, we will determine the role of pRB in TrkA induced cell death by the following 

experiments. First, to determine whether activation of pRB is sufficient to induce cell 

death in neuroblastoma ceIls, the survival of NGP cells could be assessed following the 

over-expression of a dominant active pRB. If the expression of this pRB mutant induces 

cell death, we will determine whether this active mutant of pRB regulates the same death 

pathway as TrkA, consisting of the up-regulation of p53, down-regulation of Bcl-2 and 

caspase-3 cleavage. Secondly, to determine whether the activation of pRB is required by 

TrkA to induce cell death, the survival of NGP overexpressing TrkA and a dominantly 

inactive form of pRB could be assessed. If pRB is required for TrkA to induce cell 

death, the over-expression of a dominantly inactive pRB should prevent TrkA from 

causing cell death. 

TrkA-decreases Bcl-2 protein levels 

Our results showed that overexpression of TrkA resulted in a decrease in the levels of 

the Bcl-2 protein, a key anti-apoptotic protein for many cell types. Several potential 

mechanisms might account for this observation. First, we showed that TrkA induces the 

up-regulation of p53, and p53 has been reported to repress Bcl-2 transcription at the 

transcriptional lev el (Budhram-Mahadeo et al., 1999; Wu et al., 2001). Therefore it 

could be hypothesized that as a consequence of the up-regulation or activation of p53 by 

TrkA, the de nova expression of the Bcl-2 gene becomes repressed. This decrease in 

Bcl-2 transcription might explain the decrease in Bcl-2 protein levels observed following 

TrkA expression, which might be sufficient to induce apoptosis. This hypothesis could 

be tested by quantitative RT-PCR to determÎne the levels of Bcl-2 mRNA following 

TrkA expression. To determine whether the decrease in Bcl-2 levels is sufficient to 

induce apoptosis in these cells, survival of NGP cells could be assessed following the 

inhibition of Bc1-2 expression using anti-sense RNA or siRNA techniques. 

A second mechanism by which TrkA could decrease the levels of Bcl-2 is by 

activation of caspases. Bcl-2 is a target of caspases (Thornberry and Lazebnik, 1998), 
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and eleavage of Bel-2 by caspase-3 leads to an increase in caspase activation (Cheng et 

al., 1997). At the time point at which we evaluated the levels of Bel-2, we showed that 

caspase-3 was activated. Therefore, it is possible that the observed decrease in Bel-2 was 

caused by its eleavage by caspases. To determine whether the decrease in Bel-2 levels is 

caused by caspase activation, we will need to assess the Bel-2 protein levels in NGP 

cells overexpressing TrkA before and after treatment with a broad-spectrum caspase 

inhibitor. If the caspase inhibitor does not prevent the down-regulation of Bel-2, that will 

imply that the activation of caspases is not implicated in the modulation of Bel-2. In 

contrast, if the treatment with the caspase inhibitor prevents the decrease in Bel-2 levels, 

then this suggests that the Bel-2 protein is regulated by caspase activity. In addition, we 

could determine the levels of Bel-2 at time points prior to or after caspase activation. 

This experiment will allow us to determine where Bel-2 acts in the p53/caspase-3 

pathway. 

Our results showing TrkA-induced down-regulation of Bel-2 contrasts with a 

previous report showing that activation of TrkA in PC12 results in the up-regulation of 

Bel-2 (Liu et al., 1999). These different results might reflect fundamental differences in 

the signaling cascades activated by TrkA in NB vs. PC12 cells. 

IV. Conclusion: 

The data presented here show that overexpression of the TrkA/Nerve Growth Factor 

receptor using a recombinant adenovirus induces the death of two neuroblastoma cell 

lines. This result confirms the preliminary data generated by Dr. Lynne LeSauteur in the 

laboratory of Dr. David Kaplan that overexpression of TrkA (using a WT adenovirus 

contaminated TrkA Ad5) induced the death of established and primary neuroblastoma 

celllines, and shows that expression of WT Ad5 EIA/EIB genes is dispensible for TrkA 

ta induce the death of these cells. Our results aiso suggest a mechanism for TrkA

mediated neuroblastoma cell death. TrkA expression modulated the levels or activities 

of key regulators of the apoptotic pathway: p53 was up-regulated, Bel-2 was down

regulated, and caspase-3 was eleaved and activated. In addition, we showed that 

overexpression of the anti-apopotic protein Bel-XL or the presence of the broad caspase 
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inhibitor, z-VAD-fmk prevented caspase-3 cleavage and protected the cells against 

TrkA-induced death. Even though cell death assays such as TUNEL will need to be 

performed in order to confirm that TrkA induces cell death by apoptosis, these results 

strongly suggest that TrkA induces apoptotic death in our neuroblastoma celllines. 

The up-regulation of p53 by TrkA suggests that p53 plays a role in TrkA-induced 

cell death. However, it remains to be determined whether p53 is essential for TrkA to 

induce death. This could be tested in NGP cells in which p53 expression is suppressed 

by short interfering RNA (siRNA). If p53 expression is not required for TrkA-induced 

death, it wou Id be logical to ask whether other p53-family members, such as p63 or p73, 

could be responsible for mediating TrkA-induced death. 

To determine the mechanism by which TrkA leads to the up-regulation of p53, 

down-regulation of Bcl-2 and activation of caspase-3, we looked at the phosphorylation 

status of three known MAP kinases, ERKII2, JNK, and p38 MAPK, which have been 

reported to upregulate (ERK) or phosphorylate (JNK and p38 MAPK) p53, as an 

indicator of their activity. We showed that TrkA activation leads to the robust 

phosphorylation of ERKl/2, but treatment with MEK inhibitor showed that activation of 

ERK is dispensable for TrkA-induced cell death. Therefore these results suggest that the 

phosphorylation of JNK, p38 MAPK and ERK are not required for TrkA-induced death 

of our neuroblastoma celllines. 

As a consequence, further studies will be required to determine the mechanism or 

the signaling cascade activated by TrkA, and that is responsible for the modulation of 

p53, Bcl-2 and caspase-3. Such a pathway may involve a Ras-dependent, but ERKI/2 

independent pathway, such as the one described in TrkA-induced cell death of 

medulloblastoma (Chou et al., 2000). In addition, p53 is frequently sequestered in the 

cytoplasm of neuroblastoma cells, and TrkA has been shown to directly interact with 

p53 in PCI2 cells. Therefore, TrkA may induce cell death by interacting with p53 to 

induce p53 activation, or by causing p53 to translocate to the nucleus. Another 

mechanism by which TrkA may induce cell death is by causing a cell cycle conflict. Our 

results show that high expression of TrkA induces an increase in the levels of hypo

phosphorylated (active) pRB and the protein levels of p2I WAF, two cell cycle inhibitors. 
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The expression of a strong cell cyele inhibitor such as TrkA in cyeling tumor cells may 

contribute to or enhance the pro-apoptotic action of this protein. 

FinaIly, these results identify apoptosis as a novel biological response of TrkA. 

This is consistent with TrkA as a good prognosis marker for neuroblastoma, and 

suggests that it might do so by inducing the death of the tumor cells. In addition, our 

results suggest that therapies based upon TrkA overexpression or stimulation will be 

efficacious for the treatment of neuroblastoma. However, future studies will be required 

to determine whether this TrkA-based therapy will be efficacious in neuroblastomas 

expressing a mutated or non-functional p53. In addition, it will be necessary to 

determine whether neuroblastoma tumors with defects in their apoptotic pathways, such 

as those tumors overexpressing Bel-XL or survivin, would be resistant to TrkA-induced 

cell death. These studies along with the results rep011ed here will determine whether a 

TrkA-based therapy will be an effective therapy for aIl or a subset of neuroblastoma 

tumors. 
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YES. 

What precautions are being taken to ieduce production of infectious droplets and aerosols? e tissue culture work will he performed in Class I1laminar flow fioods. Whenever work isdone, there will 'ays he an 8Utoclavable heaker of !% bJeacb at hand, to decontaminate smaH items (eg: pipette tips, pasteur ettes); and spray containers of 1 % hleach and of 70% ethanol are in close pl'Oximity to the work. Personnel -king with tbe virus will wear Iah coRts, and gloves (which are lrequently cbanged). ~ l'aeuum tine for the flow hood has a double trap and is connected to a HEPA filter to ensure tbat no virus tpes into the line. AlI the virus waste is autoclaved prior to disposai. The tissue culture l''OOm is separate from ~eneraI labs. 

-



i O. List the biological safety cabinets to be used. 

1 
Building RoomNo. Manufacturer ModelNo. SeriaI No. Date Certified 

'-31RC BT-102 F arma Scientific 1286 17719-312 11/29/1999 

BTRC BT-102 F arma Scientifio 12g6 17719-311 11/29/1999 

~1RC BT-I02 iF arma SClentific 1286 19727-301 1l/29/1999 


